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SUMMARY 


This  report  provides,  hi  a  single  reference  document,  an  engineering  summary 
of  selected  technical  data  on  airframe  icing  conditions,  methods  of  detecting, 
preventing,  and  removing  Ice  from  airframes  in  flight,  and  methods  of  testing 
ice  protection  systems  to  ensure  their  adequacy.  An  aircraft  engineer  can  use 
this  report  to  design  adequate  ice  protection  systems  for  any  type  airex'aft  for 
any  flight  mission  profile. 

The  work  done  in  preparing  this  report  covered  a  survey,  study,  analysis, 
and  summary  of  the  vast  amount  of  technical  literature  on  airframe  icing 
available  in  the  world  today.  Key  technical  data  on  airframe  icing  was  selected 
and  summarized  for  the  report.  Results  of  the  work  provide  a  design  engineer 
with  the  following: 

a.  Complete  statistical  data  on  the  earth' s  icing  weather  conditions  that 
can  be  used  as  design  criteria  for  airframe  ice  protection  systems. 

b.  An  explanation  of  the  physics  of  airframe  ice  collection. 

c.  A  discussion  of  known  methods  of  airframe  ice  protection,  an  ’ 
formulas  and  data  to  be  used  in  their  design. 

d.  Selected  specific  applications  of  ice  protection  systems  to  conventional 
aircraft  airframes. 

e.  Data  on  known  methods  and  systems  for  detection  of  airframe  icing. 

f.  Various  methods  of  testing  ice  protection  systems  and  aircraft  for 
adequacy. 
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INTRODUCTION 


Increased  use  of  light  and  heavy  aircraft  of  fixed-  and  rotary-wing  types  in 
private  and  business  transportation  has  extended  their  operation  into  all  weather 
conditions.  But  to  date  only  civil  aircraft  certificated  by  the  Federal  Aviation 
Agency  to  Civil  Air  Regulation  Part  4b  (CAR  4b)  have  ice  protection  systems 
designed,  manufactured,  Installed,  and  proved  adequate  in  natural  icing  conditions. 

The  cost  of  providing  aircraft  with  proved  adequate  ice  protection  is  high. 

Cost  of  adequate  ice  protection  systems  for  airline  transport  aircraft  carrying 
passengers  and  cargo  has  been  considered  a  necessary  expense  in  the  production 
of  these  aircraft  —  to  provide  an  acceptable  level  of  flight  safety  in  icing  condi¬ 
tions.  But,  until  this  report,  the  specialized  engineering  data  and  technology 
available  in  the  organizations  of  CAR  4b  aircraft  manufacturers  has  not  existed 
in  a  consolidated  form  readily  available  to  all  aeronautical  design  engineers. 

The  Federal  Aviation  Agency  contracted  with  General  Dynamics/Convair  for 
the  preparation  of  a  summary  engineering  report  on  airframe  icing  data  that  can 
be  used  by  airframe  design  engineers  in  providing  aircraft  with  adequate  ice  pro¬ 
tection  systems  and  proving  the  adequacy  of  systems.  The  report  Is  divided  into 
six  sections: 

Section  1  discusses  statistical  icing  data  to  be  used  as  design  criteria  for 
Ice  protection  systems. 

Section  2,  concerned  with  the  physics  of  ice  collection,  presents  formulas 
and  charts  for  determining  the  rate,  size,  and  shape  of  ice  formations  on 
aircraft. 
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Section  3  discusses  the  known  methods  of  ice  protection  and  presents 
formulas  and  data  to  he  used  in  designing  ice  protection  systems. 

8ection  4  shows  specific  applications  of  ice  protec don  systems  to  light  air¬ 
craft,  transports,  and  rotor  craft. 

Section  5  presents  data  on  detection  of  icing  and  on  ice  protection  system 
instruments  and  controls. 

Section  6  discusses  methods  of  testing  ice  protection  systems  and  aircraft 
for  adequacy.  Included  are  data  on  icing  tunnel  testing,  dry-air  flight  test¬ 
ing,  flight  testing  in  natural  icing,  and  flight  in  simulated  icing. 

The  symbols  used  to  denote  various  parameters  are  defined  in  each  section,  and 
are  consistent  throughout  the  section.  They  are  not,  however,  consistent  from 
one  section  to  another.  In  using  the  equations  presented  here,  special  care 
must  be  taken  to  use  the  definition  appropriate  for  the  particular  section. 

This  technical  report  is  an  adequate  single  reference  document  for  airframe 
design  engineers  to  use  in  designing  airframe  ice  protection  systems.  New  and 
different  airframe  protection  systems,  methods,  and  test  procedures  that  are 
as  good  or  better  than  those  given  here  may  exist  and  certainly  will  exist  in  the 
future. 

The  adequacy  of  the  ice  protection  system  on  each  type  of  aircraft  must  be 
proved  in  the  mission  icing  environment  the  design  engineer  established  for  the 
aircraft. 

Protection  of  aircraft  power  planta  is  not  covered  in  this  report.  The  power 
plant  ice  protection  system  is  designed  as  an  integral  part  of  the  power  plant  and 
tested  for  adequacy  by  the  power  plant  manufacturer.  Ice  protection  for  power 
plant  air  induction  systems  is  included;  this  protection  is  designed  and  tested  by 
die  airframe  manufacturer. 
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1.1  SUMMARY 


This  section  of  the  report  presents  statistical  icing  data  for  use  in  designing  ice 
protection  equipment.  Ice  forms  on  the  forward-facing  surfaces  of  an  aircraft 
when  it  flies  through  clouds  of  supercooled  water  droplets.  The  droplets  freeze 
almost  Instantaneously  upon  Impact  with  the  aircraft,  resulting  in  formation  of 
ice.  The  rate  and  extent  of  ice  formation  are  important  factors  in  the  design 
of  ice  prevention  and  removal  equipment.  For  a  given  flight  speed  and  altitude, 
and  a  particular  aircraft  configuration,  the  rate  of  formation  Is  dependent  on 
the  liquid  water  content  of  the  cloud,  water  droplet  diameter  and  ambient 
temperature. 

Icing  conditions  are  generally  encountered  in  the  altitude  range  from  3.000 
to  24,000  ft.  Icing  may  also  be  experienced  at  altitudes  from  sea  level  to 
3.000  ft. ,  and  occasionally  at  altitudes  from  24,000  to  as  high  as  44,000  ft.  or 
more.  High-altitude  icing  encounters  are  rare,  and  normally  result  In  very 
little  ice  formation  because  the  liquid  water  content  Is  low. 

Icing  clouds  fall  into  two  general  categories:  stratus  and  cumulus  ,  Con¬ 
tinuous  icing  for  distances  up  to  200  mi.  is  found  with  stratus  clouds  (however, 
maximum  cloud  depth  is  6,500  ft.).  Liquid  water  contents  are  moderate  (0. 1 

3 

to  0. 9  gm/m  )  and  the  water  droplet  mean  diameter  will  be  In  the  5  to  50-mic- 
ron  range  (one  micron  is  one  millionth  of  a  meter).  Ambient  temperature  can 
vary  from  -22“  to  32°  F,  with  values  above  0“  F  being  most  common. 

Intermittent  icing  results  from  flight  through  cumulus  clouds  which  have  a 

horizontal  extent  of  about  three  to  six  mi.  Liquid  water  contents  normally  vary 

3  3 

from  0. 1  to  1,7  gm  m  .  with  occasional  peak  values  as  high  as  3.  9  gm/m  or 

more  for  very  short  distances  (at  the  core  of  ascending  currents  lr.  an  actively 

growing  cumulus  cloud).  Temperature,  altitude  ar.d  droplet  dia.vieter  ranges 

are  similar  to  those  for  stratus  clouds;  however,  the  most  tikely  altitude  for 

cumulus  clouds  is  10.000  ft.  compared  with  5.000  ft.  for  stratus. 
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Typical  values  from  CAR  4b  for  use  in  design,  of  evaporative  anti-icing 
systems  would  be: 

3 

0. 43  gm/m  liquid  water  content 
+ 15°  F  ambient  temperature 
20  microns  mean  droplet  diameter 

For  de-icing  systems  or  "running  wet"  anti-icing  systems,  typical  design 
values  from  CAR  4b  would  be: 

.  3 

0. 23  gm/m  liquid  water  content 
0°  1  ambient  temperature 
20  microns  mean  droplet  diameter 

For  turbine  engine  and  engine  inlets ,  typical  intermittent  icing  values  from 
CAR  4b  to  be  considered  for  the  design  of  running  wet  anti-icing  systems  are: 

,  3 

1. 7  gm/m  liquid  water  content 
-4s  F  ambient  temperature 
20  microns  mean  droplet  diameter 
3  mi.  per  encounter 

Freezing  rain  must  also  be  considered  for  possible  effects  on  static  ports, 
exposed  control  cables,  etc.  Values  to  be  considered  are: 

3 

0. 15  gm/m  liquid  water  content 
25°  to  32*  F  ambient  temperature 
1,000  microns  -  water  drop  size 
100  mi.  -  horizontal  extent 

The  maximum  ice  accretion  on  an  unheated  component  is  also  shown. 
Thicknesses  of  2.3  to  5  in.  are  possible  (for  a  1  per  cent  probability)  for  an 
1/8-in.  dinmetor  cylinder.  For  larger  bodies  or  components  the  maximum 
thickness  would  be  correspondingly  smaller. 
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Methods  for  calculating  ice  accretion  rate  for  specific  flight  icing  condi¬ 
tions  (and  airframe  geometry)  are  shown  in  Section  2  of  this  report. 

The  presence  of  ice  crystals  or  ice  crystals  plus  liquid  water  can  be  a 

problem  for  turbine  engines.  Current  test  criteria  are  shown,  and  involve 

3 

concentrations  of  1  to  8  gm/m  for  time  durations  of  30  minutes  to  30  seconds, 
respectively. 

1. 2  INTRODUCTION 

The  formation  of  ice  on  aircraft  has  been  a  problem  since  the  early  days  of 
aviation.  Aircraft  carrying  U.S.  mail  were  often  forced  down  by  ice  accretion 
on  wings,  tail  and  propellers.  If  the  aircraft  was  undamaged,  ice  was  re¬ 
moved  from  the  canvas -covered  surfaces  and  propeller,  and  the  flight  was 
continued.  Later,  pnei  atic-boot  wing  and  tail  de-icers  were  developed, 

followed  by  fluid  and  thermal  anti-icing  systems,  and  by  cyclic  electric  and 

* 

hot  gas  de-icing.  Design  of  these  systems,  however,  is  dependent  on  a  know¬ 
ledge  of  the  icing  cloud  characteristics.  This  section  of  the  report  is  con¬ 
cerned  with  definition  of  icing  cloud  parameters,  specifically  directed  toward 
the  values  commonly  used  for  design  of  systems  for  ice  prevention  and  re¬ 
moval.  Because  of  the  great  variability  of  cloud  systems,  these  design  stan¬ 
dards  have  been  established  by  considering  statistical  icing  data.  This  data 
was,  of  course,  influenced  by  the  methods  of  gathering  the  data;  therefore, 
care  and  judgement  must  be  exercised  in  its  use. 

Formation  of  ice  on  aircraft  surfaces  results  from  flight  through  clouds  of 
supercooled  water  droplets;  i.e. ,  very  small  water  drops  suspended  in  the  air 
at  temperatures  below  freezing.  The  supercooled  droplets  freeze  on  contact 
with  the  foi  ward-facing  aircraft  surfaces  (such  as  the  wing,  tail  and  propeller 
leading  edges,  windshields,  air  inlets  and  nose  of  the  fuselage).  The  super¬ 
cooling  process  is  influenced  by  a  large  number  of  factors  such  as  drop  size, 
ambient  temperature ,  presence  of  nucleating  agents  (dust)  etc.  For  this 
reason,  any  approach  to  the  problem  of  defining  icing  cloud  physics  must 
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consider  statistical  data. 


The  amount  of  ice  accumulated  and  its  shape  are  functions  of  the  airfoil  or 
body  shape,  flight  speed,  and  properties  of  the  icing  Cxoud  in  terms  of  liquid 
water  content,  drop  size,  temperature,  horizontal  and/or  vertical  extent  and 
altitude.  Design  of  systems  to  remove  or  prevent  ice  formation  is  dependent 
upon  knowledge  of  these  factors,  as  well  as  tolerance  to  ice  buildup  on  un¬ 
protected  surfaces.  A  summary  of  available  data  on  the  characteristics  of 
icing  clouds  and  probability  of  encountering  icing  is  presented  in  this  section. 
Most  of  the  data  is  obtained  from  the  NACA*  statistical  icing  reports,  which 
include  icing  encounters  by  commercial,  military  and  icing  research  aircraft, 
some  foreign  data  is  also  included.  For  additional  guidance,  the  various  de¬ 
sign  standards  currently  in  use  by  the  FAA,  the  military,  and  by  foreign  de¬ 
signers  are  presented.  All  these  design  standards  have  met  the  test  of  useful¬ 
ness;  that  is,  systems  designed  and  tested  to  these  requirements  have  been 
found  adequate  for  routine  flights  through  icing.  Specific  recommendations 
for  design  icing  values  are  net  made,  as  this  is  a  function  of  the  particular  air¬ 
craft,  its  operating  characteristics  or  mission,  operational  techniques,  the 
needs  of  the  specific  customer  or  aircraft  operator,  and  the  risk  level  con¬ 
sidered  appropriate.  However,  the  report  does  present  the  necessary  informa¬ 
tion  for  selection  of  icing  design  criteria  once  the  aircraft  and  operational 
factors  are  defined. 

The  terminology  used  in  the  succeeding  portions  of  the  report  may  be  un¬ 
familiar,  and  deserves  some  explanation.  The  cloud  liquid  water  content  is 
expressed  in  grams  of  liquid  water  per  cubic  meter  of  air,  and  includes  only 
the  water  in  supercooled  droplet  form  (it  does  not  include  the  water  in  vapor 

3 

form).  Typical  ranges  of  values  are  0. 1  to  0. 8  gm/m  for  layer  type  clouds, 

3 

and  0. 2  to  2. 5  gm/m  for  cumulus  clouds.  Droplet  size  is  expressed  in  microns. 
Typical  icing  cloud  droplet  diameters  are  10  to  40  microns.  (Freezing  rain 
may  involve  droplets  as  large  as  1,000  microns,  or  one  millimeter.)  Cloud 
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temperature  may  vary  from  -40°  F  to  32°  F  (below  -40°  F,  supercooled  water 
droplets  rarely  exist).  Horizontal  extent  used  for  design  purposes  may  vary 
from  20  to  200  mi.  for  layer  type  clouds  (stratiform),  whereas  two  to  six  mi. 
is  often  used  for  cumuliform  clouds.  Specific  relationships  of  these  variables 
and  the  probabilities  of  occurence  are  presented. 

Ice  crystals  and  snow  usually  do  not  present  a  hazard  to  an  aircraft,  since 
the  particles  are  dry  and  do  not  adhere  to  the  surfaces.  In  certain  cases  in¬ 
volving  engine  inlet  ducting  of  considerable  length  or  with  abrupt  turns,  flow 
reversals,  partly  heated  areas,  etc. ,  concentrations  of  ice  crystals  can  be  a 
problem.  Mixed  conditions  (ice  crystals  plus  liquid  water)  may  be  a  problem 
for  airframe  surfaces.  Data  is  presented  on  frequency  of  encounter  with  ice 
crystals,  and  on  current  standards  in  use  for  testing  engines  in  both  ice  crys¬ 
tal  and  mixed  ice  crystal/liquid  water  conditions. 

Additional  data  has  been  solicited  and  is  presented  for  icing  at  both  very 
low  and  very  high  altitudes  to  supplement  the  NACA  data  that  is  confined,  for 
the  most  part,  to  altitudes  of  3,000  to  22, 000  ft. 

The  droplet  diameters  quoted  herein  and  in  other  sections  of  this  report 
are  volume  median  diameters;  i.  e. ,  half  the  volume  of  water  in  a  given  sample 
is  contained  in  drops  larger  than  the  quoted  value,  and  half  in  drops  smaller. 

Data  is  also  presented  on  the  frequency  and  severity  of  encounters  with 
freezing  rain.  Although  the  water  drops  associated  with  freezing  rain  are 
quite  large  (as  compared  to  icing  clouds) ,  the  liquid  water  content  is  usually 
quite  low.  Aircraft  capable  of  operating  in  normal  icing  conditions  usually  will 
experience  no  difficulty  with  flight  through  freezing  rain.  Freezing  rain  should 
be  considered  in  the  design  and  location  of  air  inlets  and  vents,  control  surface 
horns  and  linkage,  antenna  masts,  etc.  ,  that  may  build  up  ice  under  these 
conditions. 


1.3  STATISTICAL  ICING  DATA 


1. 3. 1  NACA  STATISTICAL  ICING  DATA  —  The  National  Advisory  Committee 
for  Aeronautics  (now  NASA)  and  cooperating  groups  conducted  research  on 
natural  icing  conditions  for  a  period  of  many  years.  Early  work  was  performed 
by  specially  equipped  research  aircraft  using  a  rotating  multicylinder  to  mea¬ 
sure  icing  intensity.  Later  data  was  obtained  by  mounting  icing  rate  meters  on 
commercial  and  military  aircraft;  thus,  obtaining  icing  data  related  to  routine 
flight  operations.  This  data  (Ref.  1-1  to  1-16)  forms  the  major  part  of  icing 
statistical  data,  md  is  the  basis  for  most  U.S. ,  Canadian  and  BriLsn  commer¬ 
cial  and  military  design  criteria.  For  this  reason,  the  significant  results  of 
the  various  reports  are  presented  in  this  section  as  Figures  1-1  to  1-20  and  in 
Tables  1-1  to  1-5.  Discussion  of  these  figures  and  tables  follows. 

As  mentioned  in  the  Introduction,  icing  cloud  types  can  be  placed  in  two 

broad  classifications:  layer  type  clouds  (stratiform)  and  cumuliform  clouds. 

Stratiform  clouds  are  characterized  by  moderate  liquid  water  content  (0. 1  to 
3 

0.8  gm/m  ),  maximum  probable  cloud  depth  of  6,500  ft. ,  mean  effective  drop¬ 
let  diameters  of  10  to  40  microns,  temperatures  of  32°  to  -22°  F,  altitudes  of 
3,000  to  22,000  ft. ,  and  horizontal  extent  of  20  to  200  ml.  Variation  of  cloud 
properties  with  altitude  for  a  specific  stratus  cloud  is  shown  in  Figure  1-1,  as 
obtained  from  Ref.  1-1.  Within  the  cloud,  free  air  temperature  decreases  with 
altitude,  but  liquid  water  content  (LWC)  increases,  reaching  a  maximum  at  or 
near  the  top  of  *ae  cloud.  This  Is  in  agreement  with  adiabatic  lifting  theory 
(Figure  1-2) ,  which  predicts  an  Increase  in  LWC  as  cloud  temperature  (and 
capacity  to  hold  water  in  vapor  form)  decreases.  Droplet  diameter  also  in¬ 
creases  (in  the  statistical  sense)  with  increasing  altitude.  Flight  in  layer  clouds 
can  result  in  icing  conditions  of  long  duration,  and  form  the  criteria  most  often 
used  for  design  of  ice  protection  systems  for  euch  airframe  components  as  wings, 
empennage,  propel'ers,  windshields,  etc. 
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Flight  through  cumuliform  clouds  can  result  in  short-duration  exposure  to 

high  liquid  water  contents.  This  represents  a  condition  of  spc  ial  interest  for 

turbine  engines  and  engine  inlets.  Typical  isolated  cumuliform  clouds  may  vary 

3 

from  two  to  six  miles  in  horizontal  extent,  with  LWC  of  0..2  co  2.^  gm/m  or 
more,  and  mean  droplet  diameters  of  15  to  50  microns  or  larger.  The  maximum 
water  content  of  a  cloud  containing  only  a  single  cell  is  likely  to  be  at  the  cloud 
center  at  a  height  above  the  freezing  level  as  shown  in  Figure  l-3a  (From  Ref. 
1-17).  Droplet  size  and  LWC  tend  to  increase  with  cIo»kI  height  as  shown  in 
Figure  l-3b.  The  drop  sizes  quoted  are  volume  mean  values,  as  defined  previ¬ 
ously.  Measurements  shown  in  Figure  l-3a  and  l-3b  are  for  two  separate  typical 
cumulus  clouds;  other  cumulus  clouds  may  have  greater  or  smaller  LWC  and  drop 
size  values,  or  may  be  composed  of  multiple  cells  rather  than  single  cells. 

Statistical  data  indicates  that  maximum  values  of  drop  size  and  LWC  are  not 
likely  to  occur  simultaneously.  This  is  shown  in  Figure  l-4a  and  l-4b.  In 

3 

Figure  l-4a,  the  maximum  LWC  of  0. 9  gm/m  for  stratiform  clouds  occurs  at 

a  drop  size  of  10.5  microns,  whereas  the  maximum  drop  size  of  50  microns 

3 

involves  only  0.18  gm/m  ,  A  somewhat  similar  trend  can  be  seen  for  cumuli- 
form  clouds  in  Figure  l-4b.  The  rate  of  ice  accretion  is  quite  similar  for  these 
two  extreme  combinations  of  LWC  and  drop  size,  although  the  shape  of  the  ice 
accretion  would  vary  somewhat. 

Liquid  water  content  also  tends  to  decrease  with  decreasing  ambient  tem¬ 
perature,  as  shown  in  Figure  1-5.  Note  that  for  stratiform  clouds  the  maximum 
LWC  compares  favorably  with  a  theoretical  limit  based  on  two-thirds  the  LWC 
of  a  3,000-ft.  fLmd,  calculated  by  adiabatic  lifting  theory  (Figure  1-2).  (For 
a  detailed  discussion  and  equations  on  adiabaf?  lifting  theory,  see  Ref.  1-1.) 

The  data  for  cumulus  clouds  shows  less  correlation  between  LWC  and  tempera¬ 
ture.  In  both  cases,  however,  no  icing  was  found  below  -15eF.  The  minimum 
temperature  established  by  laboratory  tests  for  existence  of  supercooled  water 
droplets  is  -40° F.  At  extreme  low  temperatures,  virtually  all  water  is  con- 
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vrrted  tc  Ice  crystals,  and  icing  is  not  likely  to  be  a  problem.  (Ice  crystals  and 
brow  can  be  a  problem,  howover,  for  air  inlet  systems  having  extreme  bends  or 
flow  reve. sol  curves.) 

Droplet  diameter  does  not  shew  a  definite  correlation  with  temperature 
(Figure  1-6).  For  design  purposes,  a  diameter  of  20  microns  is  most  often  used 
to  calculate  water  catch  with  LWC  and  temperature  appropriate  to  the  specific 
flight  operation.  A  diameter  of  40  microns  is  often  used  to  calculate  the  maxi¬ 
mum  droplet  impingement  limits. 

The  probability  of  excei  g  specific  values  of  LWC,  drop  size  and  tem¬ 
perature  (depression  below  freezing)  is  shown  in  Figures  1-7  through  1-9.  The 
plots  are  in  terms  of  exeedance  probability;  i.e.,  the  probability  that  the  given 
parameter  will  be  equalled  or  exceeded,  A  probability  of  10  per  cent,  for  example, 
means  that  the  given  parameter  will  be  exceeded  in  one  out  of  10  icing  encounters. 
For  layer  type  clouds,  the  liquid  water  content  for  10  per  cent  exceedance  is 
0.5  to  0.6  gm/m  ,  whereas  it  is  1.18  gm/m  for  cumuliform  clouds.  For  the 
same  probability,  tho  mean  effective  drop  diameter  is  18  to  21  microns,  and  the  • 
maximum  23  to  27  microns.  The  temperature  for  this  same  probability  level  is 
5«  to  -4*F,  depending  on  the  particular  data  source. 

Because  of  the  horizontal  variations  of  cloud  structure,  the  average  LWC 
for  a  long-duration  encounter  is  substantially  lower  than  the  average  for  short- 

duration  encounters.  This  is  shown  in  Figure  1-10,  where  the  maximum  value 

3  J 

for  a  40-ml.  encounter  is  0,8  gm/m  ,  whereas  for  200  ml.  it  is  0.3  gm/m  . 

This  variation  is  also  shown  in  Figure  1-11  in  dimensionless  form.  For  cumu¬ 
liform  clouds,  tho  LWC  for  a  six-mi.  cloud  is  0.85  of  the  water  content  for  a 
thrcc-ml.  cloud.  For  layer  clouds,  the  LWC  for  a  40-mi.  distance  is  0.64  of 
that  for  10  mi.,  and  at  150  ml.  is  only  0.32  of  the  10-mi.  value.  The  proba¬ 
bility  of  encountering  icing  conditions  in  excess  of  specific  distances  is  shown 
in  Figure  1-12,  From  this  data,  it  can  be  seen  that  90  per  cent  of  all  encoun¬ 
ters  arc  for  a  distance  of  less  than  53  ml.,  and  99  per  cent  are  Icsb  than  123  mi. 

These  variations  of  LWC  with  distance  are  of  Interest  primarily  for  pre¬ 
dicting  the  amount  of  ice  accumulation  on  unprotected  components  for  various 
flight  plaus. 
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The  altitude  range  in  which  icing  can  be  expected  is  also  of  interest .  as 
many  current  aircraft  cruise  above  the  icing  level  and  encounter  icing  only 
during  climb,  descent  and  low-level  hold.  As  shown  in  Figure  l-13a,  low- 
level  icing  rarely  occurs  below  0®  F.  At  higher  levels  (up  to  22,000  ft.),  the 
minimum  icing  temperature  is  -22°  F.  Icing  encounters  above  22,000  ft.  are 
rare.  The  icing  envelope  for  cumuliform  clouds  is  somewhat  more  narrow  than 

for  stratiform  clouds,  as  shown  in  Figure  l-13b.  The  minimum  altitude  for  cumu¬ 
liform  clouds  is  4, 000  ft.,  and  the  maximum  (for  this  data)  is  24, 000  ft.  The 
temperature  range  is  more  restricted  for  cumuliform  clouds  at  a  given  altitude 
than  for  stratiform  clouds.  The  icing  envelopes  shown  here  have  been  used  as  a 
basis  for  the  CAR  4b  transport  category  airworthiness  requirement,  as  will 
be  shown  later.  Some  additional  data  on  low-level  and  extreme  high-level  icing 
has  been  obtained  and  is  presented  in  succeeding  sections  of  this  report.  The 
frequency  of  encounter  versus  altitude  can  be  seen  in  Figure  1-14  (which  is  a 
crossplot  of  previous  data).  Stratiform  icing  encounters  are  most  likely  at  low 
altitudes  (3, 000  to  6,  000  ft. ),  whereas  cumuliform  cloud  encounters  are  more 
prevalent  at  8,000  to  12.000  ft.  The  maximum  cloud  depth  for  layer  type  clouds 
is  6,  500  ft.  (Figure  1-15)  and  would  be  found  where  there  is  a  double  layer  of 
clouds.  Maximum  single  layer  cloud  depth  is  likely  to  be  less  than  3. 500  ft. 
Maximum  cloud  depth  is  of  particular  interest  for  climbout  and  descent,  where 
the  icing  cloud  cannot  be  avoided  (whereas  for  level  flight  it  is  often  possible  to 
fly  over  or  under  the  cloud). 

For  some  types  of  icing  studies,  it  may  be  convenient  to  define  an  average 
or  most  probable  icing  temperature  versus  altitude  (Figure  1-16).  At  sea 
level,  the  most  probable  icing  temperature  is  26°  F  decreasing  to  -IT  F  at 
20.000  ft.  At  the  higher  altitudes  (16,000  to  24.000  ft.)  the  probable  icing 
temperature  is  very  c’ose  to  the  NACA  standard  day  temperature. 

The  probability  of  encountering  icing  when  flying  IFR  (instrument  flight 
rules)  is  of  particular  interest.  It  may  be  seen  in  Figure  1-17  that  at  ambient 


1-15 


temperatures  of  14s  to  32"  F  (where  icing  Is  encountered  most  frequently)  about 
40  per  cent  of  the  flights  through  clouds  will  result  in  ice  accumulation.  At 
lower  temperatures,  the  frequency  of  icing  in  clouds  is  much  lower:  about  six 
per  cent  at  -22*  F. 

The  probability  of  accumulating  a  specific  amount  of  ice  is  of  special  in¬ 
terest  for  parts  of  an  aircraft  that  do  not  have  icing  protection.  The  data  of 
Figure  1-18  shows  that  a  maximum  accretion  during  c limbo ut  and  descent  is 
0.4  in. ,  whereas  for  continuous  icing  the  maximum  amounts  are  3. 5  to  5  in. , 
depending  on  the  data  source.  (The  0.4-in.  maximum  during  climb  and  descent 
was  based  on  data  from  jet  fighter  aircraft.  For  aircraft  with  lower  rates  of 
climb  and  descent,  the  maximum  value  may  be  higher.  Values  of  ice  accretion 
for  specific  rates  of  climb  and  probabilities  are  shown  in  NACA  TN  4314,  Ref. 
1-16.)  These  values  are  based  on  the  rate  of  accretion  on  a  1/8-in.  diameter 
probe  (icing  rate  meter)  which  would  have  a  collection  efficiency  of  nearly  100 
per  cent  regardless  of  airspeed  or  drop  size.  For  bodies  of  larger  size  with 
a  greater  leading  edge  radius,  the  collection  efficiency  at  stagnation  and,  thus, 
the  maximum  thickness  may  be  substantially  less. 

Rate  of  ice  formation  and  ice  shape  are  affected  by  many  factors .  including 
LWC.  drop  size,  air  speed,  temperature,  body  size  and  *hape.  Nevertheless, 
the  data  of  Figure  1-18  does  indicate  the  order  of  magnitude  that  might  be  anti¬ 
cipated  for  various  levels  of  probabilities.  Methods  of  predicting  ice  size  and 
shape  are  reported  in  detail  in  Section  2. 

At  a  combination  of  higher  speed,  ambient  temperature  and  LWC.  there  is 
a  limiting  temperature  above  which  the  water  will  not  freeze  completely .  but 
will  run  off.  This  is  shown  in  Figure  1-19.  As  the  ambient  temperature  ex¬ 
ceeds  the  give  orves,  water  will  freeze  only  partly  or  not  at  all.  and  calcu¬ 
lations  of  loe  accretion  must  consider  this  factor.  (Further  discussion  of  this 
subject  is  oontained  in  8ectlon  2. ) 


1-10 


1. 3. 2  LOW-ALTITUDE  ICING  DATA  -  Most  of  the  data  presented  in  the  pre¬ 
vious  section  is  based  on  altitudes  in  the  range  of  approximately  3,000  to 
24,000  ft.  Concern  has  been  expressed  as  to  the  severity  of  low-altitude  icing, 
particularly  with  respect  to  light  aircraft  that  might  operate  in  the  low-altitude 
regime.  Data  was  obtained  from  William  Lewis  of  the  NASA  Lewis  Research 
Center  on  low-altitude  icing  (Ref.  i-16).  This  data  (Figure  1-20)  and  adiabatic 
lifting  theory  show  that  the  liquid  water  content  is  reduced  at  low  altitude.  In 
terms  of  height  above  the  ground,  maximum  values  for  1.000,  3.000.  and  5  <>00 

3 

ft.  are  0.24.  0.65,  and  0.8  gm  m  respectively.  Thus  design  u se  of  the 
liquid  water  contents  for  normal  operational  altitudes  will  produce  systems 
that  are  more  than  adequate  for  very  low  altitude  operation. 

Freezing  rain  at  low  altitudes  can  be  a  problem  also,  and  is  discussed 
separately  in  Paragraph  1.3.5. 

1. 3.  3  HIGH-ALTITUDE  ICING  —  The  data  presented  in  Paragraph  1. 3.  1 
covers  several  hundred  icing  encounters,  but  is  obtained  primarily  from,  air¬ 
craft  having  operational  ceilings  of  about  22,  000  ft.  The  advent  of  turbine 
powered  aircraft  with  high-altitude  capabilities  has  raised  the  question  of 
whether  the  temperature  -  altitude  icing  envelopes  established  previously  are 
adequate.  Data  was  solicited  from  various  sources;  however,  the  only  response 
was  from  the  Boeing  Company  (Ref.  1-19).  A  considerable  number  of  reports 
of  icing  encounters  were  collected  by  Boeing  from  operation  of  B-52  type 
bombers,  KC-135  tanker  aircraft,  and  707  commercial  jet  transports.  These 
are  plotted  in  Figure  1-21.  Also  included  in  Figure  1-21  are  the  icing  envelopes 
basea  on  the  NACA  data  of  Ref.  1-1  through  1-15  (and  used  (or  the  FAA  com¬ 
mercial  transport  criteria).  Data  from  NACA  TN  4314.  (Ref  1-16)  which  was 
obtained  from  icing  encounters  during  climb  and  descent  by  a  jet  interceptor 
squadron,  is  also  Included. 

From  the  data  presented  it  may  be  seen  that  icing  encounters  above  24.000 
ft.  are  rare,  as  are  icing  encounters  below  -22*  F.  It  uoes  appear  that  the 
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temperature  range  of  the  icing  envelopes  could  be  increased  by  about  10c  e  at 
the  higher  altitudes. 

With  one  exception,  the  high-altitude  icing  encounters  are  reported  a* 

"light"  icing;  this  is  in  agreement  with  previous  data  showing  reduced  LWC  with 
lower  temperature. 

Two  data  points  art  found  at  temperatures  well  belc*  -40*  F;  however,  the 
c 'Hat  ion  with  me  Boeing  data  states  that  the  temperatures  were  probably  mea¬ 
sured  in  dry  air  aftei  the  icing  encounter.  (Temperature  in  clouds  may  be 
several  degrees  warmer  than  the  adjacent  air.)  Exist*’  :?  of  water  in  super¬ 
cooled  droplet  form  at  temperatures  below  -40°  F  is  very  unlikely. 

Based  on  the  data  available .  it  appears  that  M/jh- altitude  icing  is  infrequent 
and  when  encountered  is  not  likely  to  be  of  a  severe  nature.  An  aircraft  having 
ice  protection  systems  designed  to  cope  with  the  lc.  %  cord J*.. ns  defined  in 
Paragraph  1.3.1  will  probably  have  no  dlfficultieii  when  ic'ng  is  encountered 
at  high  altitudes.  Exceptions  to  this  statement  muy  occur  where  extreme  con¬ 
ditions  are  deliberately  sought,  as  in  the  1  k?  "Project  Rough  Rider."  Fo** 
routine  commercial  and  military  operation,  the  statements  are  considered 
applicable. 

1.3.4  FCREir-N  DATA  —  Searcn  of  foielgn  literature  has  not  produced  a  large 
ara'-'unt  of  statistical  icing  data  (of  the  type  published  in  the  NACA  reports). 

Some  recent  data  has  been  summarised  in  a  report  by  R.  F.  Jones,  published 
by  the  World  Meteorological  Organisation  (Ref.  1-20).  The  maximum  and 
mean  liquid  water  contents  reported  by  the  US8R  are  of  Interest,  es  represent¬ 
ing  a  different  area  of  the  Northern  hemisphere  than  the  NACA  data.  In  Figure 

1-22,  the  mean  liquid  water  contents  for  stratiform  clouds  are  shown  to  range 

3 

from  0.1  to  0.34  gm/m  decreasing  slightly  with  decreasing  ambient  temperatures 

3 

(0  to  -25*  O.  The  maximum  values  range  from  0. 15  to  1. 1  gm  m  .  witn  a 
sharp  re&ictioc  In  water  c  xrtent  as  temperature  decreases. 
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For  cumuliform  clouds,  the  mean  liquid  water  contents  shown  (Figure  1-23) 

3 

are  surprisingly  small,  ranging  from  less  than  0.3  gm/m  at  0J  C  to  as  little 
3 

as  0. 1  gm/m  at  -25°  C  (-12°  F).  Maximum  values,  however,  vary  from  less 

3  3 

than  0. 1  gm/m  to  1. 55  gm/m  . 

Little  data  is  available  on  the  statistical  frequency  of  icing  encounters  for 
areas  ether  than  the  continental  USA  and  certain  areas  of  the  North  Atlantic 
and  Pacific  Oceans.  One  approach  to  the  problem  is  outlined  in  a  report  by 
R.  W.  Jailer  in  which  icing  probabilities  for  the  northern  hemisphere  are  pre¬ 
dicted  by  means  of  frequency  data  on  low  pressure  areas  and  freezing  level 
altitudes  (Ref.  1-21).  The  assumption  is  made  that  the  frequency  of  cloudB 
and  below  freezing  temperature  is  proportional  to  the  icing  frequency.  In  the 
chart  for  January,  (Figure  1-24)  it  may  be  seen  that  the  frequency  varios  from 
0.01  (southeast  USA)  to  0.05  (Great  Lakes  area)  for  the  continental  USA.  Values 
up  to  0.07  are  seen  in  the  Aleutian  Islands  area. 

Consideration  of  both  References  1-20  and  1-21  supports  a  conclusion  that 
the  data  presented  previously  (in  NACA  reports)  should  be  adequate  for  design 
of  ice  protection  for  aircraft  flying  in  any  region. 

1.3.  5  FREEZING  RAIN  —  Flight  through  freezing  rain  can  have  adverse 
effects  on  aircraft  performance  and  on  function  of  Its  Instruments.  Quantitative 
data  on  freezing  rain  encounters  in  flight  are  virtually  non-existent;  however, 
reports  from  aircraft  that  have  encountered  freezing  rain  are  not  at  all  rare. 
According  to  NACA  TN  1855  (Ref.  1-2,  Table  1-5)  freezing  rain  is  charac¬ 
terized  by  large  droplet  size  (1,000  microns),  temperatures  of  25  to  32*  F, 

3 

altitudes  of  0  to  5,000  ft.  ,  and  liquid  water  content  of  0. 15  gm/m  (which  cor¬ 
responds  to  a  rainfall  rate  of  0. 1  in.  /hr.).  Horizontal  extent  may  be  as  much 
as  100  mi. 

The  large  droplet  sizes  found  in  flight  through  freezing  rain  can  result  in 
ice  accumulations  on  parts  oi  •  aircraft  that  might  normally  be  lee-free. 


1-19 


Static  vents  (air  speed,  fuel,  etc.)  can  ice  over  in  freezing  rain.  On  light  air¬ 
craft,  exposed  control  cables  and  mass  balances  could  accumulate  ice.  In  any 
new  aircraft  design,  the  effects  of  freezing  rain  should  be  considered  in  addi¬ 
tion  to  the  current  design  procedures  for  normal  (small  droplet)  icing  conditions. 

The  frequency  of  freezing  rain  must  be  deduced  from  ground  level  observa¬ 
tions  reported  in  Ref.  1-22  (since  no  flight  data  other  than  those  of  Table  1-2 
can  be  found).  The  time  frequency  of  rainfall  rate  is  shown  in  Figure  1-25  for 
rain  and  freezing  rain/snow,  plotted  against  the  parameter  of  annual  precipita¬ 
tion/number  of  days  with  precipitation.  For  rain  and  freezing  rain  and  snow 
combined,  the  maximum  frequency  is  3.  lo  per  cent  for  0.06  in. /hr.  and  1.8 
per  cent  for  0. 12  in.  /hr.  The  corresponding  maximum  frequencies  for  freez¬ 
ing  rain  and  snow  (combined)  are  0.47  per  cent  (for  0. 06  in.  /hr. )  and  0. 015 
per  cent  (for  0. 12  in.  /hr. ).  From  this  data  it  can  be  seen  that  the  suggested 
data  of  NACA  TN  1855  (based  on  0. 1  in.  /hr.)  represents  a  realistic  value  for 
design  purposes. 

1.4  CURRENT  DESIGN  STANDARDS 

1.4. 1  DESIGN  CRITERIA  FOR  COMMERCIAL  TRANSPORTS  -  Civil  Aero¬ 
nautics  Regulation,  Part  4b  (Ref.  1-23)  has  icing  envelopes  defined  for  use  in 
the  design  and  certification  of  commercial  transport  aircraft.  This  data  is 
based  on  the  NACA  reports  presented  previously  (TN  1855,  2569  and  2738, 

Ref.  1-2,  1-8,  and  1-10,  respectively).  Current  experience  with  aircraft  de¬ 
signed  and  certified  to  these  standards  indicates  that  the  standards  are  adequate. 

The  data  is  presented  in  terms  of  LWC,  drop  size,  temperature,  horizontal 
extent  and  altitude.  Icing  is  divided  into  two  classes:  continuous  maximum 
(layer  type  clouds)  and  intermittent  maximum  (cumulus  clouds). 

Liquid  water  content  is  plotted  versus  mean  effective  drop  diameter  in 
Figure  1-28  for  ambient  temperatures  of  32°  to  -22°  F.  These  values  are  to 
be  considered  for  sea  level  to  22,000  ft. ,  with  a  maximum  vertical  extent  of 
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6,500  ft.  The  data  is  for  a  standard  distance  of  20  mi.  (horizontal  extent  of  up 
to  200  mi.  are  possible  -  the  effect  of  distance  on  LWC  is  shown  in  a  later 
figure).  The  usual  practice  has  been  to  design  airframe  anti-icing  systems 
for  a  droplet  diameter  of  20  microns,  with  consideration  of  40-micron 
droplet  impingement  limits  for  determination  of  maximum  area  to  be  pro¬ 
tected.  Choice  of  ambient  temperature  depends  on  the  type  of  system 
being  designed.  Typical  choices  might  be  25°  F  for  an  evaporative  anti-icing 
system  for  low  flight  speeds,  15°  F  for  evaporative  anti-icing  at  higher 
speeds,  0°  F  for  running  wet  anti-icing  or  cyclic  de-icing  (avoiding  icing 
flight  at  lower  temperatures) ,  and  -22°  F  for  running  wet  anti-icing  or 
cyclic  de-icing  where  limitations  on  operation  at  low  temperature  are  not 
acceptable. 

An  envelope  of  ambient  temperature  and  altitude  for  continuous  icing  is 
shown  in  Figure  1-27  and  is  intended  for  use  with  Figure  1-26  to  establish 
operating  conditions  for  design  purposes.  This  figure  was  derived  from  NACA 
TN  2569  (Ref.  1-8),  and  the  data  has  been  presented  previously  in  Figure  1  -13a. 

The  average  LWC  decreases  with  increasing  distance,  as  shown  in  Figure 
1-28,  in  terms  of  a  liquid  water  content  factor,  F,  (which  has  a  value  of  1.0 
at  20  miles)  versus  distance.  Most  designs  are  based  on  LWC  associated  with 
the  20-mi.  distance;  however,  where  components  are  not  protected,  the  maxi¬ 
mum  amount  of  ice  that  could  accumulate  is  of  interest.  The  relative  amount 
of  ice  collected  versus  distance  can  be  derived  from  Figure  1-28,  and  is  shown 
in  Figure  1-29  versus  distance.  The  maximum  amount  of  ice  accumulation  is 
seen  to  be;  more  than  three  times  that  for  a  20-mi.  encounter.  From  a  proba¬ 
bility  viewpoint,  encounters  of  more  than  150  to  175  mi.  are  unlikely  (see 
Figure  1-12);  for  this  distance  the  ice  accumulation  is  three  times  that  for  the 
standard  20-mi.  distance. 

Liquid  water  content,  drop  size,  temperature  and  distance  are  defined  for 
maximum  intermittent  icing  in  Figures  1-30  through  1-32.  Intermittent  icing 
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is  found  in  flight  through  cumulus  clouds  and  is  characterized  by  high  liquid  water 

3 

contents  (ig>  to  3.9  gm/m  )  for  short  distances  (0.3  to  6  miles).  The  primary  use 
for  this  data  is  in  design  of  tuibine  engine  inlets  (or  other  critical  air  inlets)  where 
a  sudden  exposure  to  high  liquid  water  content  might  overwhelm  the  anti-  icing 
system  and  cause  engine  operating  problems .  Normal  anti- icing  design  practice 
is  to  provide  at  least  running  wet  (surface  temperatime  of  35*F)  protection  for 
intermittent  conditions  if  the  ice  formed  during  such  an  encounter  would  otherwise 
present  a  significant  hazard  to  safe  flight.  The  amount  of  runback  icing  will 
normally  be  small  and  acceptable  because  of  die  short  duration;  however  an 
evaluation  should  be  made  for  each  new  airframe  and  engine  inlet  application. 

1.4.2  MILITARY  AIRFRAME  ANTI-ICING  DESIGN  SPECIFICATION  -  Air- 

frsvae  thermal  anti-icing  systems  for  military  aircraft  have  in  recent  years  been 

designed  to  meet  the  requirements  of  USAF  specification  MIL- A- 9482  (Ref.  1-24). 

The  meteorological  conditions  of  this  document  for  evaporative  anti -icing  are 

3 

ambient  temperature,  +  15*F;  liquid  water  content.  0.5  gm/m  ;  and  mean 
effective  droplet  diameter  of  20  microns.  Duration  or  horizontal  extent  of  icing 
coitions  are  not  specified.  These  values  are  to  be  used  in  the  design  of 
©vtperative  thermal  anti-icing  systems  and  are  similar  to  the  maximum  continuous 
conditions  of  the  FAA  regulations.  If  the  operational  speed  of  the  aircraft  is  in 
the  order  of  450  kt.  or  more  (see  Figure  1-33),  anti-ieing  systems  usually 
been  deleted,  as  icing  would  ordinarily  occur  only  during  loiter  and  descent. 

Loiter  and  descent  times  are  usually  of  very  short  duration  and,  therefore,  may 
not  be  considered  for  design  purposes.  (This  is  not  true  for  commercial  aircraft, 
however,  where  holding  times  of  30  min.  are  not  uncommon.)  a  military 

aircraft  capable  of  high  speeds  has  a  large  excess  of  power  available  at  low  speeds, 
so  that  the  drag  associated  with  wing  and  tall  ic ktg  is  not  a  significant  problem. 

Additional  data  contained  in  MIL- A- 9482  lb  relative  to  system  design  details 
and  is  discussed  separately  In  Section  3. 

1.4.3  MILITARY  ENGINE  DESIGN  SPECIFICATION,  MIL-E-5007B  -  The 
meteorological  criteria  used  for  design  of  engine  inlet  guide  vasa  anti-icing 
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systems  for  military  turbine  engines  are  found  in  MIL-E-5Q07B  (Ref,  1-25), 
Two  specific  conditions  are  called  out:  Condition  I  has  a  liquid  water  content 

3 

of  1. 0  gm/m  at  -4*  F  with  a  15-micron  drop  size.  For  Condition  II,  the 

3 

values  ar>  2.0  gm/m  .  +  23°  F  and  25  microns.  These  conditions  are  normally 
uced  for  design  and  static  testing  of  running  wet  anti-icirg  systems  for  inlet 
guide  vanes  and  compressor  nose  cones.  No  specific  time  duration  is  called 
out;  however  ,  the  conditions  are  quite  similar  to  those  of  the  "maximum  inter¬ 
mittent''  conditions  of  the  FAA  regulations. 

A  comparison  of  the  various  design  standards  is  shown  in  Paragraph  1.4,4 

1. 4. 4  BRITISH  CIVIL  TRANSPORT  DESIGN  CRITERIA  -  The  British  Civil 
Airworthiness  Requirements  (Ref,  1-26)  contain  standards  for  liquid  water 
content  similar  to  those  shown  previously  for  the  FAA  transport  regulation. 

The  liquid  water  content  (Figure  1-34)  for  maximum  continuous  icing  is  identi¬ 
cal  to  that  of  the  FAA  regulation  values  for  15-micron  drops  except  that  the 
drop  size  is  20  microns  rather  than  15.  In  this  respect,  the  British  require¬ 
ments  are  slightly  more  severe  than  the  FAA  standard.  The  U.S,  military 
standard  (0.5  gm,  15°  F  and  20  microns)  is  also  shewn  lor  comparison,  ^nd 
falls  between  the  FAA  and  British  standards. 

The  maximum  intermittent  condition  of  the  British  CAR  is  identical  to  the 
FAA  regulation  for  the  standard  distance  of  three  miles  (Figure  l-?5).  The 
U.S.  military  engine  specification  values  are  also  shown  for  comparison.  In 
the  British  regulation:  the  intermittent  condition  is  considered  to  exist  for 
three  miles  with  "continuous  maximum"  icing  gaps  of  three  miles  up  to  30,000 
ft.  Above  30,000  ft.  ,  the  gaps  are  conr'dered  to  be  miles  of  clear  air  (see 
Table  1-5). 

The  similarity  between  British  and  U.S.  civil  air  regulations  is  not  coin¬ 
cidental:  boiu  are  based  on  NACA  icing  data,  with  slightly  different  interpreta¬ 
tions  of  the  data. 
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1.4. 5  USSR  STANDARDS  -  The  design  standards  used  for  Soviet  aircraft 
(Ref.  1-27)  may  be  of  interest  for  aircraft  operating  in  various  areas  of  Europe 
and  Asia.  The  only  data  found  is  summarized  in  Figure  1-34  in  terms  of  LWC 
versus  temperature  for  a  16-micron  mean  drop  size  and  15-minute  duration 
(flight  speed  is  not  specified).  At  14°  F  the  LWC  is  identical  to  the  British 
requirement  (but  20 -micron  droplet  diameter)  and  the  FAA  requirement  (at 
13-micron  drop  diameter).  At  higher  and  lower  temperatures,  the  USSR  stan¬ 
dards  for  LWC  are  higher  than  the  corresponding  U.S.  and  British  standards. 
Anti-icing  systems  designed  to  U.S.  and  British  standards  would  at  most  show 
a  small  amount  of  runback  under  the  Soviet  design  conditions. 

1. 4. 6  FREEZING  RAIN  DESIGN  CONSIDERATIONS  -  Search  through  various 
literature  sources  (see  Table  1-1  and  Figure  1-25)  indicated  that  the  proposed 
values  of  NACA  TN  1855  would  rarely  be  exceeded.  These  are  shown  in  Table 

3 

1-1,  as  0. 15  gm/m  .  25  to  32°  F,  1,000-micron  drop  diameter,  and  altitude 
range  of  sea  level  to  5,000  ft.  Horizontal  extent  (maximum)  is  100  mi.  The 
possible  effects  of  freezing  rain  should  be  considered  for  components  not 
usually  protected  -  such  as  air  speed  static  vents ,  fuel  tank  vents ,  exposed 
control  horns,  cables,  etc, 

1.4.7  ICE  CRYSTALS  —  Flight  through  clouds  of  ice  crystals,  snow  or  mix¬ 
tures  of  ice  crystals  and  liquid  water  is  not  uncommon,  as  shown  by  Table  1-2. 
During  one  year  of  operation,  23.6  per  cent  of  the  total  time  in  visible  moisture 
was  in  ’  mixed”  snow  and  liquid  water,  and  32.5  per  cent  was  in  snow;  more  than 
half  of  the  encounters  involved  ice  crystals  or  snow  to  some  degree.  Dry  snow  or 
or  ice  crystals  are  not  usually  a  problem.  The  exceptio  n  have  been  in  the  case 
of  turbine  engine  inlets  of  great  length  and  curvature.  Concentrations  of  ice 
crystals  at  bends  or  flow  reversal  points  can  result  in  intermittent  shedding  into 
the  engine,  resulting  in  engine  flameout.  This  problem  may  be  aggravated  by 
areas  of  ducting  that  may  be  warm  from  contact  with  hot  sections  of  the  engine. 
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Little  quantitative  data  can  be  found  on  ice  crystal  concentrations,  as  the 
subject  has  not  received  intensive  flight  research  comparable  to  the  icing  field. 
Most  of  the  flight  and  laboratory  testing  in  ice  crystal  environments  has  been 
conducted  in  the  United  Kingdom.  Standards  in  use  for  turbine  engine  design  and 
testing  are  shown  in  Table  1-6.  The  engine  must  operate  satisfactorily  in  ice 

O 

crystals  of  1.  0  gm/m  for  thirty  minutes  and  for  shorter  times  at  concentrations 

O 

up  to  8.  0  gm/m  .  A  second  "mixed"  condition  is  also  used,  which  includes  0. 5 
to  1. 0  gm/m3  liquid  water  with  a  corresponding  decrease  in  ice  crystal  content. 
Tests  are  usually  conducted  at  0°  to  -5°  C,  because  this  represents  the  highest 
concentration  of  ice  crystals. 

Flight  through  clouds  of  ice  crystals  calls  for  careful  exercise  of  good 
judgment  by  the  aircraft  pilot.  Normally,  the  ice  protection  systems  should  not 
be  turned  on,  as  the  airframe  and  engine  surfaces  will  remain  clean.  In  a 
"mixed"  cloud,  ice  may  accumulate  and  require  use  of  the  ice  protection  equip¬ 
ment,  The  capacity  of  thermal  systems  may  be  exceeded,  however,  and  it  may 
be  necessary  to  escape  the  icing  condition  as  rapidly  as  possible. 

It  has  been  speculated  that  reports  of  excessive  icing  (e.  g. ,  Ref.  1-20) 
might  be  the  result  of  flight  in  mixed  clouds  with  anti-icing  systems  overtaxed 
by  the  increased  heat  needed  first  to  melt  the  ice  crystals,  then  to  warm  and 
evaporate  the  water.  Documented  evidence  of  severe  airframe  icing  problems 
in  clouds  of  ice  crystals  or  mixed  clouds  is  lackir.g,  however.  As  long  as  the 
engine  continues  to  deliver  the  required  thrust,  operation  in  ice  crystals  is  not 
likely  to  present  severe  problems. 
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Table  1-1 


Recommended  Values  of  Meteorological  Factors  for  Consideration  in 
the  Design  of  Aircraft  Ice  Prevention  Equipment. 

(Based  on  NACA  TN  1855;  Maximum  Instantaneous  Class  Deleted) 


Class 

Air 
Temp, 
f  F) 

Liquid 

Water 

Content 

(gm/m3) 

Drop 

Diameter 

(Microns) 

| 

Pressure 
Altitude 
(1,000  Ft.) 

Remarks 

n-M 

32 

10-15 

Intermit¬ 

14 

10-20 

Horizontal  extent  - 

tent, 

-  4 

12-30 

3  miles 

Maximum 

-22 

1.0 

20 

15-30 

Characteristic  -  High 

-40 

0.2 

15-30 

liquid  water  content 

32 

1.3 

8-15 

Applicable  to:  Any 

14 

1.0 

8-20 

critical  component  of 

-  4 

0.8 

30 

10-30 

the  airplane  where  ice 

-22 

15-30 

accretion,  even  though 

0.  1 

15-30 

slight  and  of  short 

duration,  could  not  be 

tolerated 

32 

0.4 

i 

8-15 

Example:  Induction 

14 

0.  3 

8-20 

system  (particularly 

-  4 

0.  2 

50 

10-30 

turbine  engine  inlets) 

-22 

0.  1 

15-30 

-40 

_ 1 

0.  1 

15-30 

II- N 

— 

0.8 

20 

8-12 

Intermit¬ 

I 

0.  (J 

20 

8-15 

tent, 

0.4 

18 

12-20 

Normal 

0.  1 

15 

15-25 

-•to 

0.  1 

13 

15-25 

1  -2:« 


Table  1-1 
(Cont' d. ) 


Air 

Temp. 

CD 


Continuous 

Maximum 


IV'M 

Freezing 

Rain 


Liquid 

Water 

Content 


.5 
.3 
0.15 
0.10 
0.03 

0.15 

0.10 

0.06 

0.04 

0.01 


ra-N 

32 

Continuous 

14 

Normal 

-  4 

-22 

Drop 

Diameter 

(microns) 

Pressure 
Altitude 
(1.000  Ft.) 

15 

3-22 

| 

25 

3-22 

40 

3-22 

15 

3-22 

0.  15 


1  000 


Note  Based  on  0. 10  in.  hr.  rainfall  rate 


Horizontal  extent  - 


Continuous 

Characteristic: 


Moderate  to  low  liquid 
water  content  for  an 
Indefinite  period 

Applicable  to:  All 
comf  »ents  of  the  air¬ 
plane,  i.e  .  every  part 
of  the  airplane  should 
examined  with  the 
question  -  "Will  this 
part  be  affected 
seriously  by  accretions 
during  continuous  flight 
In  icing  conditions?" 
Example:  Wing  and 
tail  surfaces 


Horlrouval  extent 
100  ml. 

Characteristic  V  e  ry 
large  drop#  at  Dear¬ 
freezing  temperatures 
and  low  vatues  of 
liquid  water  content 
Applicable  to  Compc 
nents  of  the  airplane 
for  which  no  prate'- 
tion  would  be  supplied 
Example  F*isv  *agt* 
static  pressure  air¬ 
shed  vents 


Table  1-2 


Frequency  of  Encounter  With  Various  Types  of  Meteorological 
Conditions  During  The  1948  Operation 


Condition 

No.  of 
min. 

condition 

Per  cent 
of  total 
flight  time 

Per  cent  of  total 
time  in  continuous 
or  intermittent 
visible  moisture 

Clear  Air 

6,523 

61.1 

— 

Liquid  cloud 

Continuous 

209 

2.0 

5.0 

Intermittent 

Clear  air  predominant 

504 

4.7 

12.1 

About  one-half  clear 

368 

3.5 

8.9 

Cloud  predominant 

325 

3.0 

7.8 

Subtotal,  liquid 

1,406 

13.2 

33.8 

Mixed  snow  and  liquid  cloud 
Liquid  predominant 
Continuous 

180 

1.7 

4.3 

Intermittent 

384 

3.6 

9.2 

Snow  predominant 
Continuous 

310 

■VM 

7.5 

Intermittent 

108 

I9SS8> 

2.6 

Subtotal,  mixed 

982 

9.2 

23.6 

Snow 

mu 

■m 

Continuous 

27.0 

Intermittent 

swill 

5.5 

Subtotal,  snow 

1,350 

12.6 

32.5 

Rain 

335 

3.1 

8.1 

Rain  and  snow 

30 

0.3 

0.7 

Freezing  rain 

13 

0.1 

0.3 

Freezing  ••ain  and  liquid  cloud 

41 

0.4 

1.0 

Subtotal,  rain 

419 

3.9 

10.  1 

Total 

10,080 

100.0 

100.0 

Source:  NACA  TN  1904  (Ref.  1- 

7) 
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Table  1-3 


Comparison  Values  of  Liquid  Water  Content  for  Pacific  Coast 
Cumulub  Clouds,  Pe  ■*  0. 001,  With  Corresponding  \  lues  for 
Intermittent  Maximum  Conditions  Listed  in  NACA  TN  1855 


3 

Liquid  Water  Content  (gm/m  ) 

Temperature 

•F 

Drop  Diameter 
Microns 

TN  1855  - 
Recommended 
Design  Values 

TN  2738  - 

Probability  Analysis 

32 

20 

2,5 

2.46 

32 

30 

1.3 

1.50 

32 

50 

0.4 

C.42 

14 

( 

20 

2.2 

2, 30 

14 

30 

1.0 

1.35 

14 

50 

0.3 

0.37 

-  4 

20 

1.7 

1.45 

-  4 

30 

0.8 

|  0.70 

-  4 

50 

0.2 

0.15 

-22 

20 

1.0 

0.37 

-22 

30 

0,5 

0.15 

-22 

50 

0.1 

0 

-42 

0.2 

0 

-40 

30  i 

0.1 

0 

-40 

50 

« 

0.1 

0 
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Table  1-4 


Comparison  of  Weighted  Average  Values  of  Liquid  Water  Content  for 
Layer  Clouds,  Pe  *  0.001,  With  Corresponding  Values  for  Con¬ 
tinuous  Maximum  Conditions  Lifted  in  NACA  TN  1855 


Temperature 

°F 

Drop  Diameter 
Microns 

Liquid  Water 

3 

Content  (gm/m  ) 

TN  1855  - 
Recommended 
Design  Values 

TN  2738  - 

Probability  Analysis 

32 

15 

0.80 

0.77 

32 

25 

0.50 

0. 49 

32 

40 

0.15 

0.20 

14 

15 

0.60 

0.  50 

14 

25 

0.30 

0.28 

14 

40 

0.10 

0.08 

-  4 

15 

0.30 

0.17 

-  4 

25 

0.15 

0.09 

-  4 

40 

0.06 

0.02 

-22 

15 

0.20 

0.02 

-22 

25 

0.10 

0.01 

-22 

40 

0.04 

0.003 

-40 

15 

! 

0.05 

0 

-40 

25 

0.03 

0 

-40 

40 

0.01 

0 
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Table  1-5 

British  Civil  Airworthiness  Requirements 
(Reference  1-29) 

Continuous  Maximum  (D  4-7  fc  D  5-5) 


Temperature 

•c  . 

.  3  ! 

LWC  -  gm/m 

S  Drop  Size, 

Microns 

Altitude  -  Ft. 

— - - - ! 

0 

0.8 

20 

SL  -  20, 000 

-10 

0.6 

20 

3,000  -  27,500 

-20 

0.3 

20 

3, 000  -  30, 000 

-30 

0.2 

20 

3, 000  -  30, 000 

Icing  layer  thickness  is  6, 500  ft.  maximum 

(Note:  Continuous  maximum  values  are  identical  to  Table  1-1,  Class  m-M, 
except  that  droplet  size  is  20  microns  instead  of  15) 


Intermittent  Maximum  (D  5-5) 


Temperature 

•C 

LWC  -  gm/m3 

Drop  Size, 
Microns 

Altitude  -  Ft. 

0 

2.5 

20 

10, 000  -  20, 000 

-10 

2.2 

20 

10,000  -  27,500 

-20 

1.7 

20 

15,000  -  31,000 

-30 

1.0 

20 

15, 000  -  35, 000 

-40 

0.2 

20 

15,000  -  40,000 

Up  to  30, 000  ft.  -  three  mi.  duration,  with  three-mi.  gaps  of  "continuous 
maximum"  condition.  Between  30, 000  and  40, 000  ft.  the  gaps  are  20  mi.  of 
clear  air.  (Note:  Intermittent  maximum  values  are  identical  to  Table  1-1, 
Class  H-M  values) 

For  powerplant,  30  min.  of  operation  is  required  in  a  combination  of  "inter¬ 
mittent"  and  "continuous"  maximum  icing,  with  one-half  mile  at  approximately 
double  the  LWC  of  the  "Intermittent"  condition  (see  following  tabulation). 


Instantaneous  Maximum 


Temperature 

•C 

LWC  -  gm/m3 

Drop  Diameter 
Microns 

Altitude 

Feet 

Horizontal  Extent 
Miles 

0 

5.0 

20 

10, 000  -  20, 000 

-10 

4.0 

20 

10,000  -  27,500 

Continuous 

-20 

3.0 

20 

15, 000  -  30, 000 

for 

-30 

2.0 

20 

15,000  -  35,000 

1/2  mile 

o 

i 

0.5 

20 

15, 000  -  40, 000 
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Table  1-6 


Ice  Crystal  Concentration  Standards 
(Supplied  by  the  National  Research  Council  of  Canada.) 


Maximum  Total 

Maximum 

Ambient 

Concentration 

Concentration 

Temperature 

Altitude 

(ice  crystals 

in  Liquid  Form 

Extent 

•C 

1,000  Ft. 

plus  LWC)  gm/m 

gm/mr 

Mi. 

0  to  -20 

10  to  30 

8 

1 

0.5 

5 

1 

3 

2 

1 

50 

1 

0.5 

Indef. 

-20  to  -40 

15  to  40 

5 

0 

3 

2 

0 

10 

1 

0 

50 

0.5 

0 

Indef. 

-40  to  -60 

20  to  45 

2 

0 

3 

1 

0 

10 

0.25 

0 

Indef. 

-60  to  -80 

30  to  60 

1 

0 

3 

0.50 

0 

10 

0.10 

0 

Indef. 

1 

Thirty  minutes  exposure  is  considered  for  the  "indefinite"  extent. 

NOTES  (Ref  1-29) 

1.  In  the  present  state  of  knowledge,  it  is  not  possible  to  say  how  much  of  the 
"total  free  water  contents"  tabulated  exist  in  the  form  of  water  and  how  much  as 
ice  crystals,  because  supercooled  water  has  been  shown  to  exist  at  temperatures 
down  to  -40#C.  Furthermore  the  percentage  of  ice  crystals  and  water  may  vary 
considerably  in  any  one  cloud. 

2.  From  present  information  it  appears  that  the  worst  condition  for  engine  and 
intake  icing  in  mixed  water/ice  crystals  occurs  when  there  is  a  small  quartity 
of  water  present. 

3.  The  following  assumptions  may  reasonably  be  made  for  design  purposes: 

a.  Below  -20°C  all  the  water  present  may  be  assumed  to  be  in  the  form 
of  ice  crystals. 

b.  Of  the  t<gtal  free  water  shown  in  the  0°C  to  -20°C  range,  not  more  than 
1  gm/m  should  be  taken  as  water  and  the  remainder  as  ice  cry  stals, 
except  where  the  total  water  content  is  shown  as  1  gm/m3,  when  half 
should  be  considered  as  water  and  half  ice  crystals. 

c.  When  the  extent  of  the  condition  is  shown  as  "indefinite, "  it  is  acceptable 
to  show  that  the  airplane  functions  satisfactorily  during  30  minutes 
continuous  exposure  to  the  conditions. 


mm 
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Dew  Dolnt 


*U  -  ®P"iniV 


Figure  1-1 
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Properties  of  a  Typical  Non-Cyclonic  Stratus  Cloud  (From  Figure  3af  NACA  TN  1J91,  R*f.  1-1) 


-20  0  20  40  60 

Cloud  base  temperature  -  Deg.  F. 


Figure  1-2.  Theoretical  Liquid  Water  Concentration  in  Clouds  Formed 
by  Adiabatic  Lifting  (Cloud  Base  at  948  ft.  Pressure 
Altitude).  Data  From  NACA  TN  1391,  Ref.  1-1. 
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Cloud  height 
Ft.  Meters 

8,520  2,600 

8,370  2,550 

8,040  2,450 
7,710  2,350 

7,120  2,170 

6,400  1,950 

6,070  1,850 

4,750  1,450 

4,100  1,250 
3,900  1,190 


DISTRIBUTION  OF  LIQUID  WATER 


Figure  1-3*.  Properties  of  Typical  Cumulus  Corwjestms  Clouds  —  LWC, 
Drop  Size.  Temperature,  Vertical  and  Horizontal  Dimen¬ 
sions  (From  SRC- IT-  395.  Fig.  4  and  7,  Rsf.  1-17). 
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Maximum  size  will  be 
exceeded  by  less  than  about 
1  per  cent  of  the  sample 


Liquid  water  content  -  qm/m^ 


Droplet  diameter  -  microns 
DROPlET  SIZE  AND  LIQUID  WATER  CONTENT 


Figure  I-3b. 


Properties  of  Typical  Cumulus  Congestus  Clouds  -  LWC. 
Drop  Size.  Temperature.  Vertical  and  Horizontal  Dimen¬ 
sions  (From  NRC-TT-395.  Fig.  4  and  7.  Ref.  1-17) 
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Liquid  Water  Content  -  gm/fa 


3  8  13  18  23  28  33  38  43  48  53  58 

„  Drop  diameter  -  microns 

Figure  l-4a.  Stratiform  Clouds  —  Layer  Type,  LWC  Versus  Drop  *[ 

Diameter  (From  NACA  TN  2569,  Ref,  J-S), 

! 
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Liquid  Witer  Content  -  qm/m 


cn 


Figure  l-4b.  Cumuliform  Clouds  -  LWC  Versus  Drop  Diameter  (From 
NACA  IN  2569,  Ref.  18). 
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Liquid  Water  Content 


Represents  2/3  of  liquid  water  content 
of  a  3,000-ft.  adiabatic  cioud 


Numbers  denote  the  number  of  icing 
^encounters  observed  for  the  particular 

interval  of  fomnAratiiM  mmtt  I  \tm 
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:::::::::::::::::::: 

- ‘mimim! 
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Temperature  -  Deg.  F 


Figure  l-5a.  LWC  Versus  Temperature  -  Stratus  Clouds  (From 
NACA  TN  1393  and  1424,  Ref.  1-4  and  1-5). 
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Liquid  Water  Content  -  gm/in 


Represents  2/3  of  liquid  water  content  of  a  3, 000-ft. 
adiabatic  cloud  :  (:\!  "  I  :  J  ;  j 


..  ,  ,  ■  t..,  .  j. f  ...  i : 

iMumbers  denote  the  number  of  icinq  encounters  observed 
for  the  particular  interval  of  drop  temperature  and  LWC 
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Figure  l-5b. 


LWC  Versus  Temperature  -  Cumulus  Clouds  (From 
NACA  TN  1393  and  1424,  Ref.  1-4  and  1-5). 
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Figure  l-8a.  Droplet  Diameter  Versus  Temperature  -  Stratus  Clouds 
(From  NACA  TN  1393,  Ref.  1-4). 
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Figure  1-7.  Exceedance  Probability  for  LWC  (From  NACA  TN  142?  nd 
2306.  and  NASA  1-19-59E;  Ref.  1-5,  1-9  and  1-15). 
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Figure  1-8.  Exceedance  Probability  for  Drop  Diameter  (From 

NACA  TN  1424,  2306  and  2738;  Ref.  1- i.  1-9  and  1-10). 
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Figure  1-9.  Probability  of  Cloud  Icing  Temperature 
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Figure  1-12.  Probability  Curve  of  Distance  Flown  in  Icing  (From  NASA 
Memo  1-19-59E,  Ref.  1-15), 
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Figure  1-I3a. 


Frequency  Distribution  of  Icing  Encounters  in  Stratiform 
Clouds  for  Increments  of  Temperature  and  Altitude  (From 
NACA  TN  2569,  Ref.  1-8). 


Amb 


Figure  l-13b.  Frequency  Distribution  of  Icing  Encounters  in  Cumuliform 
Clouds  for  Increments  of  Temperature  ami  Altitude  (From 
NACA  TN  2569.  Ref.  1-8). 
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Figure  1-14.  Icing  Encounter  Frequency  Versus  Altitude 
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Figure  1-15.  Cloud  Depth  Probability  for  Layer  Ty|>e  Clouds  (From 
NASA  Memo  1-ID-59E  ,  Kef.  1-15). 
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Figure  1-16.  Most  Probable  Icing  Temperature  Versus  Altitude 
(From  NACA  TN  2569,  Ref.  1-8). 
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Figure  1-17.  Average  Region  of  Icing-7 o-Cloud  Ratio  to  Ambient 
Temperature  (From  NACA  TN  3984.  Ref.  1-11). 
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Figure  1-lb.  Ice  Accretion  Probabilities  (Based  Upon  1/8 -in.  Diameter 
Probe). 
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Figure  1-19.  Limiting  Curves  for  Unset  of  Water  Runoff  (for  1  8-in. 

Probe)  -  Based  I’pon  NASA  Memo  1-19  59E,  Kef.  1-15. 
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Cloud  LWC  Limits  at  Low  Altitudes  (From  Ref.  1-18). 
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Figure  1-21.  Comparison  of  CAR  lb  k  ing  Envelopes  With  Rejwrte't  Icing 
Encounters  (From  Boeing  Co.  Data.  Ret.  1  l‘b. 
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Low  Altitude  Icing  Probabilities  for  the  Northern  Hemisphere  —  January 
(From  WADC  TN-55-225  Ref.  1-21;. 
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Figure  1-25.  Frequency  Rates  for  Rain,  Freezing  Rain  anti  Snow 
(From  Ref.  1-22). 
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Figure  1-26.  Continuous  Maximum  Atmospheric  Icing  Conditions  — 
Stratiform  Clouds.  LWC  Versus  Mean  Effective  Drop 
Diameter  (From  CAR  4l>). 
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NACA  TN  2569 
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Figure  1-27.  Continuous  Maximum  Atmospheric  Icing  Condition*  — 
Stratiform  Clouds.  Ambient  Temperature  Versus 
Pressure  Altitude  (From  CAR  4b). 
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Figure  1-28 
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Continuous  Maximum  Atmospheric  Icing  Conditions  —  Stratiform  Clouds.  LWC  Factor  Vei  *us 
Cloud  Horizontal  Distance  (From  CAR  4b). 
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Plot  of  Relative  Amount  of  Ice  Accumulation  for  Various  Flight  Distances  in  Continuous 
Maximum  Icing  (Based  Upon  a  20-mile  Standard  Distance  and  the  Data  of  Ref.  1-28). 


Liquid  Water  Content  -  gm/ta 


Pressure  altitude  range 
4,000  to  22,000  ft. 

Horizontal  extent,  standard 
distance  of  3  miles 


Source  of  data: 

NACA  TN 1855  (Ref  1-2) 

Note:  Dashed  lines 
indicate  possible  extent 
of  limits 


(*\ 


10  20  30  40 

Mean  effective  drop  diameter  -  microns 


Figure  1-30.  Intermittent  Maximum  atmospheric  Icing  Conditions  — 
Cumuliform  Clouds.  LWC  Versus  Mean  Effective  Drop 
Diameter  (From  CAR  4b). 
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Figure  1-31.  Intermittent  Maximum  Atmospheric  Icing  Conditions  - 
Curouliform  Clouds.  Ambient  Ternj»erati.re  Versus 
Pressure  Altitude  (From  CAK  4b). 
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Figure  1-32 
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Intermittent  Maximum  Atmospheric  Icing  Conditions  —  CiUuuiiform  Clouds.  Variation  of 
LWC  Factor  With  Cloud  Horizontal  Extent  (From  CAR  4b). 
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Figure  1-34.  Comparison  of  U.  S.  ,  British  and  USSR  Civil  Transport 
Standards  for  Continuous  Icing. 
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lino  «»■  Hight,  dl. .ik; union icss 

g  Gravitational  constant,  32. 2  ft. /sec.  “ 

h  Airfoil  projected  height  along  line  of  flight,  ft. 

J  Mechanical  equivalent  of  heat,  778  ft.  -lb.  /BTU 

k.  Thermal  conductivity,  BTU/hr.  ft.  0  P  2 

a*v  p 

K  Impingement  parameter,  dimensionless:  K  ■  2/9 - °  W 

C  u  g 
a 

Kq  Inertia  parameter,  dimensionless:  Kq  »  (X/XS)K 

Kn  .  K  based  upon  mean  effective  drop  diameter 
°med  o 

K0  K  based  upon  maximum  drop  diameter 
"max  o  1 

Arbitrary  length  dimension  for  elbow,  ft. 

Ellipsoid  body  length,  ft. 

Ly  Latent  heat  of  evaporation  of  water,  BTU/lb. 

3 

m  Cubic  meter  (of  air) 

M  Free  stream  Mach  number,  dimensionless 

n  Freezing  fraction,  dimensionless 

p  Pressure  just  outside  the  boundary  layer,  in.  Hg 
p  Free  stream  static  pressure,  psf 

G 
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Surface  pressure,  psf 


% 

Re,d 

S 


Prandtl  number  (for  air)  3 , 600  c  n/k 

P  2 

Incompressible  free  stream  dynamic  pressure,  psf;  qQ  *  1/2  Pqvq 

Free  stream  droplet  Reynolds  number,  dimensionless;  Re,d  ■  p  v  d/n 

a  o  a 

Surface  distance,  measured  from  foremost  point  of  body,  ft. 

Impingement  limit  on  upper  surface,  ratio  to  chord  length,  dimensionless 


Impingement  limit  on  lower  surface,  ratio  to  chord  length,  dimensionless 


t  Ambient  temperature ,  6  F 

t^  Datum  temperature  or  wet  air  boundary  layer  temperature,  0  F 
Uq  Flight  speed,  kt. 


v  Local  velocity  along  the  surface ,  fps 
v  Free  stream  velocity,  fps 


yQ  Starting  ordinate  for  droplet  trajectory,  ft. 

y^  Starting  ordinaie  for  upper  surface  tangent  trajectory,  ft. 

y0^  Starting  ordinate  tor  lower  surface  tangent  trajectory,  ft. 

W  Liquid  water  content,  gm/m3 

WM  Rate  of  water  catch  on  airfoil,  lb-  /hr.  -ft.  span 

Rate  of  water  catch  at  point  on  airfoil  surface,  lb.  /hr.  -sq.  ft. 

W  Rate  of  water  catch  on  body,  lb.  /hr. 
z 

\  Droplet  range  when  projected  into  still  air 

*  Droplet  range  when  projected  into  still  air  according  to  Stokes  law 


a  Angle  of  attack,  deg. 

n  Viscosity,  lb.  sec./sq.  ft. 

Air  viscosity,  lb.  sec./sq.  ft. 

y  Density  of  air,  lb.  /cu.  ft. 

ft 
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i 1  Collection  efficiency  at  any  point  on  airfoil  or  body,  dimensionless 

P  Collection  efficiency  at  stagnation,  dimensionless 

1  Ratio  of  specific  heats 

l>  Air  density,  slugs /cu.  ft. 

tl 

f>  Free  stream  air  density,  slugs/cu.  ft. 

(>  Density  of  water  droplet .  slugs/cu.  ft. 

Specific  weight  of  water,  lb.  'cu.  ft. 


2.1  SUMMARY 


Ice  can  form  on  aircraft  forward  surfaces  during  flight  through  clouds  at  tempera 
tures  below  freezing.  For  a  given  icing  condition  (as  defined  in  Section  1),  the 
rate  and  extent  of  ice  accumulation  is  a  function  of  flight  speed  and  airfoil  or 
body  geometry.  This  section  of  the  report  presents  the  formulas  ar.d  tabulations 
of  impingement  data  that  will  allow  calculation  of  ice  accretion  rate  and  extent 
for  a  large  number  of  airfoils  and  geometric  bodies.  The  ice  collection  rate  for 
nearly  any  object  can  be  approximated  from  the  data  presented.  These  values 
are  needed  for  the  design  of  the  various  types  of  ice  protection  systems,  or  to 
consider  the  effects  of  ice  accretion  if  the  surface  is  not  protected. 

Typical  ice  accretion  rate  for  a  six-foot  chord,  65  -212  airfoil  at  200  kt. , 

3  * 

10. 000-ft.  altitude,  15°  F,  0.5gm/m‘  liquid  water  content.  20-micron  droplet 
diameter  and  4  deg.  angle  of  attack  is  5.82  lb. /hr. -ft.  span.  The  ice  extent  is 
1.5  in.  on  the  upper  surface  and  9.2  in.  on  the  lower  surface. 

Equations  of  motion  are  also  presented  so  that  droplet  trajectories  could  be 
calculated  for  the  unique  and/or  critical  application  that  may  not  be  covered  by 
the  general  data. 

Graphs  are  also  presented  that  will  help  determine  whether  a  particular 
flight  and  icing  situation  will  result  in  accretion  of  ice.  For  example,  at  20*  F 
ambiei.t  a  flight  speed  of  more  than  300  kt.  is  required  to  prevent  the  formation 
of  ice;  whereas,  at  0°  F  ambient  a  speed  of  more  than  485  kt.  is  required. 

If  ice  docs  form,  the  type  of  ice  is  of  interest  as  aerodynamic  effects  vary 
widely,  dependent  on  ice  shape.  At  moderate  airspeeds  (less  than  250  kt.jand 
high  total  air  temperatures  (25  to  32’  F),  glaze  ice  ("double  horn"  shape)  is  most 
common,  and  can  produce  severe  aerodynamic  effects  in  verms  of  increased 
drag  and  decreased  maximum  lift  coefficient.  At  moderate  airspeeds  and  total 
air  temperatures  below  10°  F,  rime  ice  is  most  common  and  has  a  relatively 
streamlined  shape.  Lift  and  drag1  effects  are  much  less  serious  (about  one-third 
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as  great)  for  rime  ice  than  for  glaze  ice.  At  total  air  temperatures  between 
10s  and  25‘  F,  a  mixed  glaze-rime  ice  accretion  ia  usually  found. 

Photographs  and  sketches  of  ice  she a  on  typical  airfoils  are  also 
presented. 

2. 2  INTRODUCTION 

Ice  may  form  or  the  uuheated  forward  facing  surfaces  ol  an  aircraft  flying 
through  clouds  of  supercooled  water  droplets.  At  low  temperature,  the  water 
droplets  freeze  immediately  on  impact  with  ai/foil  k»ad4*'„  «idges,  forming  rime 
ice  (Figure  2-1  from  Ref.  2-1).  At  higher  temperatures,  the  water  droplets 
may  flow  over  the  surface  for  a  short  distance  before  freezing,  result4ng  in 
glaze  ice  (Figure  2-t  .  The  size,  shape  and  extern  of  ice  fc;.  alien  depends 
on  the  cloud  liquid  water  content,  the  drop  size  and  t  iperutu**'  the  flight 
speed  and  angle  of  attack,  airfoil  or  body  geometry,  and  duration  of  the  icing 
encounter. 

Design  of  ice  protection  systems  require  i  knowledge  of  rate  of  water 
catch,  impingement  limits  and  —  in  certain  cases  —  impingement  distribution. 
Fortunately,  s  large  body  of  impingement  datf  exists,  covering  a  wide  range 
of  aii foils  and  geometric  bodies.  This  se^  ion  of  the  report  presents  a  sum- 
me  y  of  all  available  data  (of  known  accuracy)  on  droplet  impingement  (Ref.  2-2 
through  2-25).  The  data  may  be  useu  in  conjunction  with  the  icing  cloud  data  of 
the  previous  section  to  determine  rates  of  water  catch  and  impingement  limits 
tor  specific  flight  conditions. 

The  data  is  preserved  in  correlated  form  to  reduce  the  amount  of  informa¬ 
tion  to  a  manageable  level.  Collection  efficiency  —  defined  as  the  ratio  o! 
water  collected  to  the  maximum  oossible  water  catch  -  is  correlated  with  a 
dimensionless  inertia  oarameter,  Kq.  Impingement  limits  (the  distance  from 
stagnation  to  the  end  of  the  ws  *r  impingement  region  on  both  upoer  and  low^r 

surfaces)  are  also  correlated  with  the  K  parameter.  Collection  efficiency  it 

o 
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the  stagnation  point  is  shown  for  several  bodies.  Typical  variation  of  water 
catch  efficiency  versus  surface  distance  is  also  shown  for  typical  airfoils. 

Equations  and  a  method  for  calculating  droplet  Impingement  from  the  equa¬ 
tions  of  motion  are  also  presented.  Although  Impingement  can  be  approximated 
for  most  bodies  from  the  correlated  data,  new  problems  may  arise  that  would 
call  for  calculation  of  droplet  trajectories.  The  equations  are  based  on  the 
assumption  that  pressure  distribution  around  the  body  of  interest  is  known 
(from  theory  or  wind  tunnel  tests). 

Equations  and  methods  of  determining  ice  shapes  on  unprotected  airframe 
components  are  shown.  The  flight  speeds  above  which  icing  will  not  occur  are 
shown  versus  ambient  temperature.  Typical  ice  shapes  are  also  shown,  as 
well  as  plots  to  define  the  three  basic  types  of  ice  accretion  in  terms  of  flight 
speed,  ambient  temperature,  liquid  water  content  and  droplet  size. 

The  terms  used  in  this  report  to  describe  the  three  types  of  ice  are  glaze, 
intermediate  and  rime.  The  terms  are  in  common  use  in  icing  literature  and 
by  icing  research  and  design  engineers.  The  terminology  commonly  used  by 
aircraft  pilots  in  reporting  ice  may  differ;  the  following  tabulation  may  help 
clarify  the  discrepancies: 


Ice  Designation 


Ice  Description 


Icing  Literature 


Glaze 


Intermediate 

Rime 


Pilots 

Glaze  Smooth  film  of  ice  covering  leading  edge 

at  temperatures  Just  below  freezing. 

Mushroom  Double-horn  ice  formations,  hard  clear 
ice  with  rapid  growth  rate. 

—  Combination  of  glaze  and  rime  ice;  glaze 

in  forward  areas,  rime  in  aft  areas. 

Spearhead  Milky  white  appearance,  lower  density 
ice  with  a  relatively  streamlined  shape. 


2-11 


2, 3  SUMMARY  OF  AVAILABLE  DATA 


2.  J,  1  IMPINGEMENT  COLLECTION  EFFICIENCY  VERSUS  K  -  The  rate  of 

e 

water  droplet  impingement  for  an  airfoil  Is  usually  expressed  in  pounds  per 
hour  per  foot  of  span  and  may  be  calculated  from  the  general  equation 

WM  -  0. 379  Uo  Wt  C  (h/C)  Em 

For  any  given  flight  condition  and  body  geometry*  the  above  factors  will  be 
known  except  collection  efficiency,  E^.  For  small  objects  at  high  speeds  and 
large  droplet  size,  will  have  a  value  of  nearly  i.  0,  because  the  water  drop¬ 
let  trajectories  are  straight  lines.  For  most  cases,  however,  will  have  a 
value  less  than  i.  0,  and  must  be  determined  from  known  data  on  airfoils. 

Collection  efficiency  is  a  function  cf  flight  speed,  droplet  si/e,  body  geom¬ 
etry,  ambient  temperature  and  pressure.  In  the  literature,  E^  is  presented 
versus  various  dimensionless  parameters  -  the  method  of  presentation  varies 

widely  among  authors.  In  tide  report,  E.,  is  correlated  with  the  dimensionless 

M 

inertia  parameter  K^.  Use  of  this  parameter  results  in  essentially  a  single- 

valued  curve  of  E  versus  K  for  bodies  of  the  same  geometrical  shape.  The 
M  o 

error  involved  in  use  of  the  K  parameter  for  correlation  of  E  .is  less  than  ±10 

o  M 

per  cent  for  most  airfoils  and  bodies,  for  the  normal  range  of  flight  conditions. 

In  this  report,  is  based  upon  the  projected  height  (h),  or  upon  the 

projected  area  of  the  airfoil  or  body  involved.  As  shown  in  Figure  2  -2,  Ew  is 

M 

equal  to  (yQ  “  5*o « )A»  where  y&  -  y0a  Is  the  part  of  the  cloud  swept  out  by 
the  airfoil,  and  h  is  the  projected  height  of  the  airfoil  at  the  angle  oi  attack 
involved.  la  this  definition,  cannot  exceed  1.0.  (In  some  parts  of  the 
literature,  is  based  on  maximum  thickness  at  0  deg.  angle  of  attack,  result¬ 
ing  in  collection  efficiencies  of  more  than  100  per  cent  in  many  cases.  )  A  plot 
of  projected  height  versus  angle  of  attack  for  various  airfoils  is  shown  in 
Figure  2-3,  for  angles  of  attack  of  0  to  12  deg.  A  flat  plate  is  also  shown  for 
comparison.  At  angles  of  attack  greater  than  2  deg, ,  the  thin  airfoils  approach 
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w  ry  closely  the  flat  plate  projected  height. 


The  parameter  may  be  obtained  graphically  from  Figures  2-4,  2-5  and 
2-6,  or  by  use  of  the  approximate  equation 


K  =  1 .  St  x  10 
o 


-7 


j  L.  15  U 

'H 


"ag 


'd  1*6 
med 

12 °'4C, 
a 


This  equation  yields  a  value  of  K  that  is  correct  within  ±5  per  cent  for  droplet 
Reynolds  numbers  (Re.dj  from  25  to  1,000, 

Graphically,  may  be  determined  by  obtaining  the  droplet  Reynolds  num¬ 
ber  from  Figure  2-4,  inertia  parameter  K  from  Figure  2-5,  and  the  ratio  A/A 

s 

from  Figure  2  -;5.  is  then  found  from  the  equation 

K  =  (A/A  ) (K) 
o  s 

A  typical  exumole  of  the  calculation  of  K  ,  E»,  and  rate  of  ice  accretion  follows: 

o  M 

Given  the  following  data: 

Airfoil,  six-foot  chord  NACA  65^-212  (C  =  6  ft.)  —  Airfoil  designations 

are  NACA  airfoil  sections.  The  characteristics  of  various  NACA 
airfoils  are  defined  in  "Theory  of  Wing  Sections,"  I.  H.  Abbott 
and  A,  £.  von  Doenhoff.  Dover  Publications,  Inc.,  New  York,  1959. 

Flight  speed,  U  .  200  kt. 
o 

altitude,  10,000  ft. 

Ambient  temperature,  t  .  15°  F 

o 

Droplet  sire,  d  ,  20  microns  (mean  effective  diameter) 

Liquid  water  content.  W  ,  O.ugm/m^ 

Angle  of  Attack,  a  ,  4  deg. 

The  olution  is  as  follows 


Projected  height,  h/C  =  0.128  is  found  irom  Figure  2-3 
Uo  =  200  (20)  =  4,000  (kt.  x  microns) 
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Re,d  *  114  is  found  from  Figure  2-4  and  U  (d  ,)  *  4,000 

o  med 

C/U  *  6/200  *  0.030  ft.  /kt. 
o 

K  *  0.077  from  Figure  2-5  and  C/U  «  0.030 
X/X  »  0.332  from  Figure  2-6  "id  Re,d  »  114 

K  «  (X/X  )(K)  »  0.332  (0.077) 

o  s 

K  »  0.0256 
o 

Collection  efficiency,  E._,  may  be  found  from  the  plots  of  Figures  2-7  through 

M 

2-14.  For  the  65-212  airfoil  at  K  *  0.0256,  the  theoretical  Ew  at  a  4-deg. 

1  o  M 

angle  of  attack  (Figure  2-10)  is 

Ew  *  0. 200 

The  water  catch  is 

WM  -  0.379  U  WA  C(h/C)EW 
M  o  t  M 

=  0.379  (200) (0. 5)(6)(0. 128) (0.  200) 

»  5. 82  lb.  /hr.  -ft.  span 

Some  comment  must  be  made  concerning  the  data  on  collection  efficiency 
presetted  m  Figure.  2-7  through  2-14.  The  airfoil  data  i.  plotted  a.  EM 
versus  K.  ^  tor  angles  of  attack  of  0,  2,  4,  and  8 -deg.  (Some  data  at  5  deg.  is 
included  on  the  4  deg.  plot,  and  some  10  and  13-deg.  data  is  included  on  the  8 
deg.  plot.)  Most  of  the  data  is  theoretical,  obtained  from  analysis  of  droplet 
trajectories.  Some  data  is  experimental  —  obtained  bv  the  dye -spray  tech¬ 
niques  described  in  Ref.  2-2. 

For  some  airfoils,  both  experimental  and  theoretical  data  are  shown.  Jn 
most  cases  there  is  good  agreement;  however,  one  exception  is  the  65^-212 
airfoil.  The  experimental  data  shows  a  lower  collection  efficiency  than  the 
theoretical  over  a  large  part  of  the  Kq  range.  In  this  case,  the  theoretical  data 
may  be  used  if  a  conservative  answer  is  desired,  although  experience  has 
shown  that  the  experimental  data  is  more  representative  of  actual  flight  in 
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natural  icing.  Also,  experimental  data  for  the  airfoil  is  10  to  20  per 

cent  lower  than  theoretical. 

The  accuracy  of  the  data  shown  is  compromised  to  a  small  degree  by  the 

use  of  the  K  parameter;  however,  plots  shown  are  generally  within  ±10  per 
o 

cent  of  the  original  data  for  the  practical  range  of  Reynolds  numbers  from  100 

to  250.  For  extremely  critical  cases  —  where  better  accuracy  is  considered 

essential  —  the  original  data  sources  cnn  be  consulted  (Ref.  2-2  through  2-25). 

Trse  of  the  K  correlation  is  considered  justified  by  the  small  loss  in  accuracy 
o 

versus  the  large  condensation  in  data  presentation  made  possible  by  its  use.  No 
theoretical  proof  of  the  validity  of  the  Kq  correlation  is  available,  but  extensive 
use  has  been  made  of  it  in  recent  years  for  both  theoretical  studies  and  actual 
design  work.  It  was  originally  proposed  by  Dr.  Langmuir,  (Ref.  2-3)  and  has 
subsequently  been  used  by  various  investigators. 

In  using  the  parameter  for  geometric  bodies,  great  care  must  be  taken 
in  selecting  the  body  length  value  used  for  obtaining  the  impingement  parameter, 

K,  —  an  intermediate  step  to  determine  K  .  For  airfoils,  the  characteristic 

o 

length  is  the  airfoil  chord,  C,  in  feet.  For  other  bodies,  the  characteristic  di¬ 
mension  may  be  the  diameter;  but  in  some  cases  body  length,  half  body  length 

or  radius  have  been  used.  Tables  have  been  prepared  showing  the  water  catch 
equation  (Table  2-1)  and  characteristic  body  length  (Table  2-2)  for  the  various 
shapes. 

It  should  be  noted  that  all  the  theoretical  data  is  based  upon  uniform  drop 
size.  A  volume  mean  droplet  size  is  normally  used  in  design  work,  rather  than 
calculating  the  water  catch  for  each  of  the  several  size  ranges  that  make  up  an 
icing  cloud. 

Use  of  a  single  mean  drop  size  gives  an  adequate  approximation  of  water 
catch  for  most  airfoils;  however,  for  blunt  bodies  such  as  ellipsoids  and  cones, 
serious  error  can  result  from  use  of  uniform  drop  size.  For  critical  applica¬ 
tions  involving  blunt  bodies  or  cones,  water  catch  should  be  determined  for  the 
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various  drop  sizes  making  up  an  icing  cloud,  and  the  results  added  to  obtain 
the  total.  Table  2-3  shows  several  typical  droplet  distributions.  The  experi¬ 
mental  data  is  based  upon  a  water  spray  cloud  having  approximately  a  "D" 

distribution  (see  Table  2-3).  The  parameter  K  is  noted  as  K_  for  the 

o  °med 

experimental  data,  and  is  evaluated  at  the  volume  median  droplet  diameter. 

The  mean  droplet  size  (often  called  the  mean  effective  drop  size)  as  used 
in  this  report  and  nearly  all  icing  literature  is  a  volume  median  drop  size.  It 
is  defined  as  that  diameter  (for  a  given  sample  or  cloud)  for  which  half  the 
total  volume  of  liquid  water  is  contained  in  drops  larger  than  the  volume  median 
and  half  in  drops  smaller  than  the  volume  median. 

2. 3. 2  IMPINGEMENT  LIMITS  VERSUS  Kq  -  Impingement  limits  are  plotted 
for  most  of  the  airfoils  and  bodies  in  Figures  2-15  through  2-25.  The  Kq  param¬ 
eter  is  the  same  as  that  used  for  collection  efficiency.  S  and  S  are  the 

U  L 

impingement  limits,  expressed  as  a  ratio  to  airfoil  chord  length  (or  geometric 
body  length). 

Impingement  limits  are  determined  by  the  maximum  droplet  size  in  the 

cloud.  Thus,  for  design  purposes,  40  microns  is  often  used  to  determine 

impingement  limits,  whereas  20  microns  is  often  used  to  calculate  water  catch. 

For  the  experimental  data,  which  was  obtained  from  actual  dyed  water  spray, 

the  mean  effective  drop  size  is  used  for  water  catch,  and  the  maximum  drop 

size  is  used  for  determining  impingement  limits.  Kq  is  evaluated  using  the 

mean  effective  drop  diameter  for  E. . ,  but  using  maximum  drop  diameter  for 

M 

S  and  S.  . 

U  L 

For  example  —  using  the  case  shown  previously  of  a  65^-212  airfoil  with  a 
six-foot  chord  at  200  kt.  and  20-micron  drop  size: 

K  »  0.0256 
o 

*  0.021  (1.5  in.)  from  Figure  2-15 
SL  *0.128  (9.2  in.)  from  Figure  2-16 
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4 


For  40-micron  drops , 


Re,d=  228,  from  Figure  2-4 

K  =  0.300 

A/A  *  0.254 

s 

K  =  0.254  (0.300)  =  0.0762 
o 

Sir  =  0.042  (3.0  in.) 

S  =  0.230  (16.6  in.) 

L 

Note  that  this  example  is  based  upon  arbitrarily  selected  values,  for  the  purpose 
of  illustration  only.  For  specific  results  applicable  to  aircraft,  refer  to  Section 
4  -  Aircraft  Applications.  In  a  practical  case  (e.g. .  a  cloud  with  a  20-micron 
volume  mean  diameter  and  a  maximum  diameter  of  40  to  45  microns)  most  of 
the  ice  will  be  found  within  the  20-micron  impingement  limits.  The  amount  of 
ice  catch  on  the  surface  between  the  20  and  40-micron  limits  is  small  and  may 
or  may  not  be  ignored,  depending  upon  the  nature  of  the  specific  problem,  and 
the  criticality  of  a  small  amount  of  ice  on  the  area  aft  of  the  leading  edge. 

2.3.3  IMPINGEMENT  DISTRIBUTION  FOR  TYPICAL  AIRFOILS  -  The  collec¬ 
tion  efficiency  at  stagnation  is  occasionally  of  interest,  as  it  is  the  point  of 
maximum  collection  efficiency.  A  plot  of  ^  versus  Kq  is  shown  in  Figure  2-26 
for  several  bodies.  Values  for  bodies  other  than  those  shown  m  Figure  2-26 
may  be  found  in  the  literature  (Ref.  2-2  through  2-23). 

Some  design  problems  may  require  a  general  or  specific  knowledge  of 
impingement  distribution  over  the  collecting  surface.  Typical  values  are 
shown  in  Figures  2-27  through  2-29  for  three  airfoils  at  4  deg.  angle  of  attack. 

For  other  airfoils  and  bodies,  distribution  curves  are  available  in  the 
literature.  Space  limitations  do  not  allow  inclusion  of  additional  data  in  this 
report . 

The  impingement  distribution  for  any  body  can  be  approximated  to  a  .satis¬ 
factory  level  for  most  uses,  if  E  .  S^,  and  are  known,  from  a  knowledge  oi 
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the  typical  distribution  shape  (Figures  2-27  through  2-29)  and  the  fact  that: 

em*  t  fV/,da/c 

SL 

Knowing  and  8^,  a  curve  of  /3  versus  S/C  can  be  estimated,  and  the  area 

under  the  curves  tested  against  E  ;  re -fairing  the  curve  until  the  area  under 

M 

the  curve  is  equal  to  £  .  Local  water  catch  rates  may  then  be  calculated  from 

M 

the  equation 

W  *  0.379/3  U  WA 
/3  o  t 

2.3.4  AIRFOIL  MATCHING  PROCEDURES  —  In  many  cases,  the  contour  of 
the  airfoil  or  body  under  consideration  will  not  match  exactly  those  designated 
in  the  plots  already  presented.  Where  this  is  the  case,  either  of  two  methods 
(or  a  combination)  may  be  used  to  obtain  an  engineering  approximation  of  the 
impingement  characteristics  of  an  airfoil  or  body. 

One  method  is  to  approximate  the  contour  of  the  forward  portion  of  the  air¬ 
foil  in  question  by  that  of  an  airfoil  with  known  impingement  characteristics. 

The  second  is  to  match  the  pressure  (or  velocity)  distribution  of  the  airfoil  of 
interest  with  the  pressure  (or  velocity)  distribution  of  an  airfoil  having  known 
impingement  characteristics. 

The  first  method  —  that  of  matching  the  airfoil  contour  with  airfoils  of 
known  impingement  characteristics  —  needs  little  explanation.  The  contour 
match  is  most  important  in  the  region  from  stagnation  to  about  20  per  cent 
chord.  The  aft  areas  have  less  effect  on  impingement,  and  contour  matching 
is  less  critical  for  the  regions  beyond  30  per  cent  chord.  The  underlying  theory 
is  that  for  a  given  set  of  flight  parameters  similar  contours  should  yield  simi¬ 
lar  pressure  distributions  and,  thus,  similar  droplet  impingement. 

In  some  cases,  contour  matching  may  not  be  adequate  —  as  in  the  case  of 
an  engine  inlet  or  a  highly  swept  and  or  tapered  wing.  In  these  cases  a  better 
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approximation  can  be  obtained  by  matching  experimental  pressure  distributions 
for  the  body  in  question  against  pressure  distribution  for  the  bodies  of  known 
impingement  characteristics.  This,  of  course,  is  a  tedious  process,  but  may 
be  necessary  in  the  cases  mentioned  (inlets  and  swept  and/or  tapered  wings) 
where  simple  two-dimensional  airfoil  data  may  yield  an  overly  conservative  or 
incorrect  value  of  water  catch  and  impingement  limits.  Typical  velocity  distri¬ 
bution  for  an  airfoil  is  illustrated  in  Figure  2-30. 


The  pressure  distribution  may  be  calculated  in  terms  of  pressure  coefficient 
from  known  velocity  distribution  by  using  the  equation 
.2 


C  =  1  -  (v/v  ) 
P  o’ 

P  -  *  P_ 


(incompressible) 


.  the  pressure  coefficient  (incompressible) ,  where 


v  is  the  surface  velocity 
p  is  the  surface  pressure 


vq  is  the  free  stream  velocity 
Pq  is  the  free  stream  pressure 

is  the  free  stream  dynamic  pressure 

In  compressible  flow,  the  pressure  coefficient  should  be  modified  by  the  Prandtl- 
Glauert  equation  (Ref.  2- 24,  pg.  ISO) 

r  -  'P(»»comp.) 


P 


(comp. } 


This  correction  becomes  significant  at  Mach  numbers  in  excess  of  0.  25. 


Wing  sweep  can  have  a  significant  effect  upon  water  catch  rates.  A  method 
of  converting  straight -wing  data  to  swept -wing  data  is  shown  in  Rei.  2-25. 

I  nfortunately.  this  method  requires  that  the  swept -wing  airfoil  be  designated  on 
a  plane  perpendicular  to  the  leading  edge,  whereas,  it  is  common  aircraft  design 
practice  to  define  the  airfoil  in  the  streamwisc  plane.  Consequently,  the 
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usefulness  of  the  report  is  rather  limited.  The  best  approach  then  would  be  to 
match  the  swept -wing  pressure  distribution  with  pressure  data  on  non-swept 
airfoils  of  known  impingement  characteristics. 

2.4  CALCULATION  OF  DROPLET  TRAJECTORIES  AND  IMPINGEMENT 
FOR  BODY  OF  KNOWN  PRESSURE  DISTRIBUTION 

The  impingement  characteristics  of  most  airfoils,  bodies  of  revolution  and 
geometric  shapes  can  be  approximated  to  a  satisfactory  level  for  engineering 
design  use  from  the  data  presented  in  the  previous  section.  Fc~  critical  and/or 
unique  applications ,  it  could  be  desirable  in  some  cases  to  calculate  the  impinge¬ 
ment  for  a  body  from  the  equations  of  motion  for  a  body  traversing  a  cloud  of 
water  droplets.  This  section  presents  these  equations  in  a  form  that  would 
allow  computation  of  droplet  trajectories  for  a  body  of  known  pressure  distri¬ 
bution.  Pressure  data  is  easily  obtained  for  a  body  by  theoretical  or  simple 
experimental  means  (wind  tunnel  testing^.  The  calculation  of  droplet  trajec¬ 
tories  can  be  extremely  tedious  and  time  consuming;  however,  the  problem  can 
be  set  up  and  solved  using  modern  high-speed  electronic  computers. 

2. 4. 1  CALCULATION  OF  THE  FLOW  FIELD  -  The  flow  field  ahead  of  the 
body  moving  through  an  airstream  must  be  known  before  droplet  trajectory 
calculations  can  be  made.  The  surface  pressure  distribution  of  a  body  can  be 
obtained  experimentally  by  wind  tunnel  or  flight  tests,  or  by  theoretical  means. 
Once  the  pressure  distribution  is  known,  the  flow  field  can  be  calculated  by  the 
vortex  distribution  method.  This  consists  of  placing  a  sheet  of  vortices  on  the 
airfoil  surface  of  such  strength  that  the  velocities  on  the  surface  caused  bv  the 
vortices  are  the  same  as  the  velocities  obtained  from  wind  tunnel  or  theoretical 
studies.  The  principles  oi  the  method  are  presented  in  Ref.  2-26.  Further 
equations  and  methods  of  calculating  the  flow  field  may  be  found  in  Ref.  2-4. 

The  method  and  equations  are  not  given  in  this  report,  as  the  referenced  re¬ 
ports  are  readily  available  and  the  subject  is  rather  complex. 


2.4.2  DROPLET  TRAJECTORY  EQUATIONS  -  With  a  known  flow  field  ahead 
of  and  around  the  airfoil,  as  determined  above,  the  droplet  trajectories  may  be 
calculated  from  the  equations  relating  the  inertia  and  drag  forces  on  the  water 
droplets.  These  equations  are  presented  below  and  were  obtained  from  NACA 
TN  £904  (Ref.  2-5). 


For  convenience  in  referring  to  NACA  TN  2904,  the  nomenclature  used  in 
the  following  equations  and  listed  below  is  the  same  as  that  used  in  TN  2904. 
a  Droplet  radius,  ft.  (1  ft.  *>  3.048  x  10®  microns) 


D  Drag  force,  lb. 

Cp  Drag  coefficient  for  droplet  in  air,  dimensionless 

v  Local  vector  difference  between  velocity  of  droplet  and  velocity  of 

air-  fPs  2ap  v 

& 

Re  Local  Reynolds  number  with  respect  to  droplet  ~  . 

dimensionless 

p  Viseosityof  air,  slugs/ft. -sec. 

p  Density  of  air,  siugs/cu.  ft. 

SL 

Density  of  water,  slugs/cu.  ft. 

Prime  superscript  —  Applied  where  velocity  terms  are  in  fps 
x  subscript  —  Horizontal  component 
y  subscript  —  Vertical  component 

u  Local  air  velocity,  ratio  of  the  actual  local  air  velocity  to  the  free 
stream  velocity,  dimensionless 

v  Local  droplet  velocity,  ratio  of  the  actual  droplet  velocity  to  the 
free  stream  velocity,  dimensionless 


L 

t 

U 

K 


Characteristic  body  length  or  dimension,  ft. 
Time,  sec. 

Free  stream  velocity,  fps 

Time  scale,  tU/L.  dimensionless 

„  l>  a2  U 
J  w 

Inertia  parameter,  “ - -  -  ,  dimensionless 

y  pi. 


2-21 


2a  p  U 

&■ 

Re  Free  stream  Reynold*  number  with  respect  to  droplet  -  , 

dimensionless  ^ 

These  definitions  are  not  to  be  used  in  other  parts  of  this  section  of  the  report. 

The  drag  force  on  a  body  (i.e. ,  a  droplet)  in  a  fluid  is 

D  -  C  1/2  p  *a2v2 

D  a 

2ap  v 

The  Reynolds  number  of  the  body  (droplet)  is  Re  ■ - - — 

M 

CDR* 

Combining,  the  equation  D  *  — - —  t  ap  v 

4 

is  obtained  for  a  sphere  (droplet)  having  a  relative  velocity,  v,  with 
respect  to  the  fluid. 

The  equation  of  motion  of  a  water  droplet  in  terms  of  its  x  component  is: 


...  3  dT'x  CDR'  . 

4/3 '*  IT*--  '‘,*iUx-Vx) 


1/x  L. 
\vL/  <* 


C_Re  (u*  -  V  ) 
D  x  x 


In  dimensionless  terms,  the  equation  of  motion  for  the  x  component  is: 


dv  C_Re  , 

x  D  1 

-  *  -  “  f\l  -  V  ) 

dr  24  K  x  x7 

and  for  the  y  component 

dv  C  Re  , 

_ y  D  1 

dr  24  K  v  y  y7 

2  *2U 

w^er<?  ^  -  q  ~  (K  is  the  inertia  parameter) 

P  i- 

The  Reynolds  number,  R«s,  can  be  obtained  in  terms  of  the  frcestream 
Reynolds  number 
2a  PaU 
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such  that 


(u  -  v  ) 

X  X 


+  <u , 


V  ) 

y 


2 


The  term  Re/24  which  defines  the  drag  coefficient  for  a  sphere  is  shown 
in  Table  2-4  from  Ref.  2-6. 


The  path  or  trajectory  of  a  water  droplet  approaching  the  body  or  airfoil 
can  be  calculated  using  the  preceding  equations  and  the  known  flow  field.  As 
can  be  seen  in  Figure  2-2,  the  droplet  paths  diverge  near  the  airfoil.  Trajec¬ 
tories  must  be  calculated  :o  determine  the  upper  and  lower  limiting  trajectories. 
Above  and  below  these  limits,  the  water  drops  will  not  impinge  on  the  airfoil. 

Calculation  of  droplet  trajectories  can  be  made  for  various  values  of  the 
inertia  parameter  and  droplet  Reynolds  number.  From  these  trajectories,  the 
collection  efficiency  and  impingement  limits  can  be  determined,  a3  well  as 
local  distribution  of  water  catch  over  the  surface.  Equations  for  defining  these 
values  are  shown  in  succeeding  sections. 


2.4. 3  OVERALL  COLLECTION  EFFICIENCY  -  The  collection  efficiency  is 
defined  as  the  ratio  of  actual  water  impingement  to  the  maximum  value  that 
could  occur  (straight-line  trajectories). 

In  equation  form  for  an  airfoil  (Figure  2-2): 


where  yQ  is  the  .arting  ordinate  of  the  upper  tangent  trajectory,  and  y0.  is 
u  z 

the  starting  ordinate  for  the  lower  tangent  trajectory.  In  this  equation,  h  is 
the  projected  height  of  the  airfoil.  Note  that  in  some  early  impingement  re¬ 
ports,  collection  efficiency  may  be  based  on  maximum  airfoil  thickness  rather 
than  on  projected  height.  In  this  case,  collection  efficiencies  of  more  than 
100  per  cent  are  possible. 

For  bodies  of  more  complex  shape,  collection  efficiency  can  be  defined  as 
the  frontal  area  defined  by  the  starting  ordinates  of  the  tangent  trajectories, 
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divided  by  the  projected  area  of  the  body  (along  the  line  of  flight). 

2.4.4  LOCAL  COLLECTION  EFFICIENCY  -  The  collection  efficiency  at  any 
point  on  the  surface  may  oe  detsrcoined  if  the  corresponding  intermediate  drop¬ 
let  trajectories  are  known.  The  equation  is' 

<Vo 


It  may  be  noted  that 


y0U  “  yO£ 


and  that  the  overall  collection  efficiency 


em  -l/hI  '  ^ 


Curves  of  impingement  efficiency  versus  surface  distance  can  be  plotted, 

dy0 

using  the  equation  ,?  *  ~r- ,  As  a  final  check  on  the  fairing  of  the  curves ,  the 

cS> 

area  under  the  curve  can  be  obtained  to  determine  the  overall  collection  effi¬ 
ciency  and  minor  re-fairing  made  as  necessary  to  obtain  agreement  with 
as  defined  by  y°u  y°i  L 


2.  4.5  IMPINGEMEN*  iJMJTS  —  The  limits  of  impingement  on  the  upper  and 
lower  surface  are  obtained  from  the  .ppor  and  lower  tangent  trajectories. 
These  values  may  be  correlated  as  shown  In  previous  sections  in  terms  of  K 
and  Re,d  or  in  terms  of  Kq.  In  many  cases,  better  accuracy  can  be  obtained 
by  expanding  the  x  ordinate  of  the  trajectory  plots  to  obtain  a  more  accurate 
definition  of  the  point  of  tangency.  The  lower  surface  limit  on  airfoils  at  an 
angle  of  attack  can  be  particularly  difficult  to  define. 

2. 5  ICE  SHAPES  ON  UNPROTECTED  SURFACES 


Ice  shapes  on  airfoils  and  bodies  are  classified  in  icing  literature  as  "glaze" 
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and  "rime";  however,  many  ice  shapes  will  be  a  mixture  of  the  two.  See  Para¬ 
graph  2.2  for  discussion  of  ice  classifications.  Rime  ice  is  found  at  combina¬ 
tions  of  low  temperature  and  low  water  catch  rates  and  has  a  milky -white 
appearance  resulting  from  inclusion  of  air  in  the  ice  during  the  freezing  process. 
The  water  droplets  freeze  at  the  point  of  impact;  therefore,  the  ice  shape  can 
be  predicted  quite  readily  from  the  impingemeht  data  presented  previously  in 
terms  of  catch  rate,  impingement  limits  and  distribution.  The  drag  and  other 
aerodynamic  effects  of  rime  ice  are  much  less  severe  than  glaze  ice,  because 
of  the  relatively  streamlined  form  of  the  ice,  and  the  low  rates  of  water  catch 
associated  with  this  type  of  ice. 

Glaze  ice  forms  at  combinations  of  high  water  catch  rate  and  temperatures 

near  freezing.  Characteristically,  the  water  droplets  run  some  small  distance 
before  freezing,  resulting  in  a  typical  '  double  horn"  ice  shape  (Figure  2-1).  The 

ice  is  usually  clear  except  at  the  aft  regions.  Glaze  ice  can  cause  severe  aero¬ 
dynamic  effects  in  terms  of  increased  drag  and  decreased  maximum  lift  coeffi¬ 
cient.  The  upper  "horn"  acts  as  a  spoiler,  increasing  drag  and  decreasing  lift. 
The  lower  surface  "horn”  usually  has  only  a  minor  effect,  because  of  the  low- 
local  air  velocities.  If  angle  of  attack  is  varied,  however,  it  may  have  a  signifi¬ 
cant  effect.  Detailed  data  on  effects  of  ice  on  unprotected  aircraft  are  presented 
later  under  "Methods  of  Protection"  (Section  3). 

2.  5. 1  ICING  LIMIT  AND  TYPES  OF  ICE  AS  A  FUNCTION  OF  FLIGHT 
CONDITIONS  —  The  following  discussion  presents  information  on  character¬ 
istic  ice  shapes  and  means  of  determining  the  type  of  ice  shape  associated  with 
various  combinations  of  airspeed  and  icing  conditions. 

The  temperature  of  an  airfoil  exposed  to  icing  conditions  is  a  complex  func¬ 
tion  of  airspeed,  liquid  water  content,  ambient  temperature  and  altitude.  The 
shape  and  type  of  ice  (  my)  that  forms  is  dependent  on  the  surface  tempera¬ 
ture.  In  this  section  of  the  report,  equations  for  calculating  surface  tempera¬ 
ture  are  presented,  as  well  as  typical  results.  Types  oi  ice  and  shape  are  also 
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shown  and  are  related  to  flight  and  meteorological  conditions. 


The  "datum  temperature"  has  been  widely  used  to  represent  the  tempera¬ 
ture  of  an  unheatod  surface  in  icing.  (This  usage  is  not  entirely  accurate,  as 
will  be  discussed  later. )  It  has  also  been  described  as  "wet  adiabatic"  and  "wet 
air  boundary  layer"  temperature,  ft  may  be  calculated  from  the  equation: 


*  t  + 
o 


(1.688  U  )2 
_ o 

2gJcp 


Solution  of  this  equation  is  shown  in  Figure  2-31  for  flight  speeds  up  to  800 
kt. ,  ambient  temperatures  of  -20  to  30°  F,  and  an  altitude  of  10,000  ft.  Curves 
for  sea  level  and  20, 000  ft.  are  shown  in  Section  3  (Figure  3-8).  It  may  be  seen 

that  a  flight  speed  of  300  kt.  will  produce  a  32*  F  datum  temperature  at  20°  F 
ambient,  but  that  at  0*F  a  speed  of  485  knots  is  needed.  This  graph  may  be  used 
as  a  guide  in  determining  whether  a  particular  combination  of  flight  speed  and  am¬ 
bient  temperature  is  likely  to  represent  a  potential  icing  problem. 


An  exact  account  of  the  heat  balance  on  an  unheated,  insulated  i  'ing  surface 
ro«y  be  found  in  Ref.  2-27.  Typical  curves  of  surface  temperature  versus  free 
stream  velocity  are  shown  in  Figure  2-32,  and  are  compared  with  the  tempera¬ 
tures  in  clear  air  and  those  calculated  by  the  "datum  temperature"  equation. 

At  the  lower  speeds ,  release  of  heat  of  fusion  (as  the  water  freezes)  can  result 
in  temperatures  in  excess  of  dry  air  total  temperature.  At  32°  F,  a  region  exists 
where  the  water  catch  is  completely  frozen  (n  =  1),  partly  frozen,  or  all  in 
liquid  form  (n  «  0).  (The  freezing  fraction,  n,  is  defined  in  Ref.  2-27  as  that 
part  of  the  water  catch  that  freezes  in  the  region  where  it  impinges.)  At  the 
higher  speeds,  the  equilibrium  surface  temperature  is  not  greatly  different  from 
the  "datum"  temperature. 


It  should  be  noted  that  the  method  of  Ref.  2-27  is  based  upon  an  insulated 
surface  (no  chordwlse  heat  flow).  This  is  true  for  &  plastic  radome  or  fiber¬ 
glass  leading  edge  as  well  as  for  a  titanium  or  steel  leading  edge.  However, 
an  aluminum-skinned  airfoil  will  transfer  heat  chordwlse  and  the  surface 
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temperature  at  the  lower  speeds  may  be  fairly  close  to  the  "datum"  temperature. 

It  may  be  seen  from  the  preceding  data  that  relatively  high  speeds  are 
needed  to  preclude  the  formation  of  ice,  and  that  aircraft  with  low  operating 
speeds  will  experience  icing  much  more  frequently  than  higher  speed  aircraft. 

The  type  of  ice  that  forms  and  its  shape  are  a  function  of  speed,  liquid 
water  content  and  temperature.  Ice  shapes  are  generally  classified  as  glaze, 
intermediate  and  rime.  A  correlation  of  ice  shape  is  shown  in  Figures  2-33 
through  2-35  in  terms  of  liquid  water  content,  ambient  temperature  and  flight 
speed. 

This  correlation  was  obtained  from  an  analysis  by  Dickey  (Ref.  2-28), 
using  the  "freezing  fraction"  concept  developed  by  Mes^inger  (Ref.  2-27).  Tne 
specific  values  shown  are  based  on  the  stagnation  line  of  a  two-inch  cylinder 
(insulated)  with  a  drop  size  of  15  microns.  An  aluminum -skinned  airfoil  would 
tend  to  accumulate  rime  and  intermediate  glaze -rime  ice  at  slightly  higher 
temperatures  than  shown,  because  of  the  conduction  of  heat  away  from  the  area 
of  high  water  catch  (and  release  of  heat  of  fusion).  The  plots  of  Figures  2-33 
through  2-35  can  be  used  as  a  guide  in  determining  the  probable  type  of  ice 
formed  for  various  flight  and  icing  conditions.  These  curves  have  not  been 
validated  by  experiment  over  the  complete  range  of  parameters  shown;  there¬ 
fore,  caution  and  judgment  must  be  exercised  in  their  use. 

In  general  terms,  it  can  be  stated  that  rime  ice  is  likely  to  occur  at  total 
air  temperatures  of  about  10°  F  and  below,  while  glaze  ice  usually  occurs  at 
total  temperatures  of  25  to  32°  F.  Between  10  and  25°  F,  a  glaze-rime  forma¬ 
tion  will  usually  occur,  with  clear  glaze  ice  at  the  stagnation  region,  and  milky- 
white  rime  ice  in  the  aft  regions. 

2.  5.  2  GLAZE  AND  RIME  ICE  SHAPES  FOR  VARIOUS  AIRFOILS  AND 
BODIES  OF  REVOLUTION  —  The  shape  of  ice  formation  is  of  particular  Interest 
in  the  case  of  unprotected  airframe  components.  Flight  tests  are  often  made 
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with  simulated  ice  shapes  on  developmental  aircraft  to  determine  the  need  for 
protecting  these  components.  In  this  case,  the  ice  shape  must  be  determined 
by  a  combination  of  analysis  and  reference  to  existing  data  on  ice  shapes  from 
both  wind  tunnel  and  flight  tests. 

Although  a  large  number  of  photographs  are  available  of  ice  shapes  on  un¬ 
heated  bodies,  very  few  actually  show  cross-sections  of  the  ice,  or  give  critical 
dimensions  (msximum  thickness,  extent,  etc).  Several  photographs  and  sketches 
from  Ref.  2-29  and  2-30  are  shown  in  Figures  2-36  through  2-40  to  illustrate 
glaze,  intermediate  and  rime  ice  deposits.  Cross-sections  of  ice  on  a  four  per 
cent  airfoil  are  shown  in  Figure  2-36.  Rime  ice  forms  in  a  manner  that  is  easily 
predictable;  that  is,  the  drops  freeze  on  impact  and  the  resulting  ice  shape  has 
the  same  form  as  would  be  predicted  by  the  droplet  impingement  data  shown  pre¬ 
viously.  The  rate  of  growth  is  generally  linear  for  rime  ice,  because  the  ice 
shape  does  not  alter  the  flow  field  significantly.  The  glaze  ice  exhibits  the  typi¬ 
cal  "double  horn"  shape,  that  results  from  water  flow  in  the  stagnation  region. 

As  the  ice  increases  in  size,  the  aft  regions  are  sheltered  from  impingement  so 
that  virtually  all  the  water  is  deposited  the  stagnation  region.  The  exact  shape 
of  glaze  ice  is  difficult  to  predict;  however,  most  glaze  ice  shapes  will  be  similar 
to  those  of  Figures  2-36  and  2-37.  Rate  of  growth  for  glaze  ice  may  be  nonlinear 
(increasing  with  time  in  icing)  because  the  ice  affects  the  flow  field.  This  is 
particularly  true  for  thin  airfoils  at  low  angle  of  attack  (See  Ref,  2-29).  This 
factor  should  be  considered  in  predicting  ice  shapes  on  unheated  airfoils. 

Ca  highly  swept  airfoils,  glaze  ice  tends  to  form  as  a  series  of  discontinu¬ 
ous  cup  shapes.  A  comparison  of  ice  shapes  for  various  sweep  angles  is 
shown  in  Figure  2-40. 

The  ice  shapes  shown  are  based  upon  maintaining  angle  of  attack  (as  well 
as  other  parameters)  constant  throughout  the  icing  encounter.  This  is  a  rea¬ 
sonable  assumption  for  current  turbine  aircraft  which  have  a  large  power  re- 
uerve  at  the  lower  speeds  where  icing  is  most  likely  to  occur.  Aircraft  powered 
by  piston  engines  may  not  have  adequate  power  to  maintain  airspeed  as  drag 
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increases  in  icing.  In  this  case,  speed  is  reduced  and  the  angle  of  attack  is 
increased.  Analysis  of  ice  shapes  on  unprotected  surfaces  should  consider 
this  change  in  angle  of  attack  when  it  is  applicable. 

A  correlation  of  ice  shape  and  drag  effects  with  impingement  parameters 
has  been  published  as  an  SAE  paper  (Ref.  2-31).  The  report  contains  signifi¬ 
cant  and  useful  data;  however,  the  correlations  shown  are  entirely  empirical. 

It  is  believed  that  the  correlations  should  be  further  qualified  before  they  are 
used  for  design  purposes. 
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Table  2-1.  Rate  of  Water  Catcn  Formulas 


Water  Catch 

Rate 

Airfoil 

W  *  0.379  U  W  C(~)  E 

M  0  t.  'C1  M 

lb.  /hr.  -ft.  -span 

Cylinder 

Ww  =  0.379  U  WDE„ 

M  0  t  M 

lb.  /hr.  -ft.  -span 

Ribbon 

V.'  *  0.379  U  WbEu 

M  0  t  M 

lb.  /hr.  -ft.  -span 

Semi-infinite 

rectangle 

W„  =  0.379  U  W  b  E 

M  0  ;  M 

lb.  /hr.,  -ft.  span 

Ellipsoids  (10%,  20%) 

W  »  0.379  U  W  A  E„  \ 

Z  0  t  F  M  \ 

lb.  /hr. 

Ellipsoids 
(A/B  *  2,  3,  5) 

W„  *  0. 379  U  A  E  f 

Z  0  i  F  M  \ 

/  W 

lb.  /hr. 

Sphere 

W„  *  0.  379  U  W'  At,  E  ( 

Z  0  t  i  M  \ 

lb.  /hr. 

Cone 

»  0. 379  U  W,  A  E  ) 

Z  o  t  F  M  / 

lb.  /hr. 

Elbow 

W  »  0.379  UW  A  E  ** 

L  0  t  r  M 

lb.  /hr. 

*  radius2 

*  A„  «= 

F  4 

e 

O 

II 

O. 

..  A  .  ,Leb*d«P*h  (width  «  -7^) 
F  4  4 
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Table  2-2. 


Airfoil 

Cylinder 

Ribbons 

Semi -infinite 
rectangle 

Ellipsoids  (10%,  20  o) 
A/B  =  10,  5 

Ellipsoids 
(A  B  =  2,  3,  3) 

Cones 

Elbow 

* 

Elbow  entrance  width  i 


Characteristic  Length  (in  feet)  for  K 

o 


Data  Source 

Chord,  C 

All  airfoil  data 

Radius,  D/2 

NACA  Rpt.  1213 

Half  width,  b/2 

AAFTR  5418 

Half  width 

NACA  TN  36f  8 

Body  length,  L  , 
el 

NACA  TN  3099, 
3147 

Half  body  length,  L  /2 

el 

WADC  TR  53-284 

Cone  length,  ft. 

WADC  TR  53-284 

Arbitrary  length,  L  propor¬ 
tional  to  elbow  size6  * 

NACA  TN  2999, 
3770 

T5--,  so  that  L  -  liL^ntrancewidt h 
4  eb  7T 
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Table  2-3.  Langmuir  Droplet  Size  Distributions 


Liquid  Water 
Content 
Per  Cent 


5 

10 

20 

30 

20 

10 

5 


TYPE 


A 

B 

C 

D 

E 

1.0 

0.56 

0.31 

0.23 

1.0 

0.72 

0.52 

no 

0.84 

0.71 

0.65 

1.0 

1.00 

1.0 

1.17 

1.26 

1.37 

1.48 

1.0 

1.32 

1.51 

1.74 

1.0 

1.49 

1.81 

2.22 

2.71 

Table  2-4.  Values  of  C_  Re, d/24  and  A/A  as  Functions  of  Re,d 

D  s 


Re,d 

CD  Re, d/24 

A/A 

O 

Re,d 

CD  Re, d/24 

A/A 

s 

0.00 

1.00 

1.00 

200 

6.52 

0. 2668 

0.05 

1.009 

0. 9956 

250 

7,38 

0.2424 

0.1 

1.018 

0.9911 

300 

8.26 

0.2234 

0.2 

1.037 

0.9832 

350 

9.00 

0. 2080 

0.4 

1.073 

0.9652 

400 

9.82 

0.1953 

0.6 

1.103 

0.  9493 

500 

11.46 

0.1752 

0.8 

1. 142 

0.9342 

600 

12.  D7 

0. 1597 

1.0 

1. 176 

0.9200 

800 

15.81 

0.1375 

1.2 

1.201 

0. 9068 

1000 

18.62 

0.1215 

1.4 

1.225 

0.8950 

1200 

21.3 

0. 1097 

l.P 

1.248 

0.8842 

1400 

24.0 

0.1003 

1.8 

1.267 

0.8744 

1600 

26.9 

0. 0927 

2.0 

1.2G5 

0.8653 

1800 

29.8 

0.0863 

2.5 

1.332 

0.8452 

2000 

32,7 

0.0809 

3.0 

1.374 

0,8273 

2500 

40.4 

0.0703 

3.5 

1.412 

0.8120 

3000 

47.8 

0.0624 

4.0 

1.447 

0.7973 

3500 

55.6 

0.0562 

5.0 

1.513 

0.7734 

4000 

63.7 

0.0513 

6.0 

1.572 

0.7527 

5000 

80.0 

0.0439 

8.0 

1.678 

0.7185 

6000 

96c  8 

0.0385 

10 

1.782 

0. 6905 

8000 

130.6 

0.0311 

12 

1.901 

0.660 

?0000 

166.3 

0.0262 

14 

2.009 

0. 6440 

12000 

204 

16 

2.109 

0.6242 

14000 

243 

18 

2.198 

0.6065 

16000 

285 

20 

2.291 

0.5904 

18000 

325 

25 

2.489 

0.5562 

20000 

365 

30 

2.673 

0.5281 

25000 

470 

35 

2.851 

0.5045 

30000 

574 

40 

3.013 

0.4840 

35000 

674 

50 

3.327 

0.4505 

40000 

778 

60 

3.60 

0.4237 

50000 

980 

80 

4. 11 

0.3829 

60000 

1175 

100 

4.59 

0.3524 

80000 

1552 

120 

5.01 

0.3285 

1.0. 105 

1905 

140 

5.40 

0.3090 

1.2.105 

2234 

160 

5.76 

0. 2928 

1.4. 105 

2549 

180 

6.16 

0.2789 

1.6.105 

2851  ; 

WADC  TR  54-313 
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I  LeadingEdge 

Rime  Ice,  datum  air  temperature,  0°F 


f  Leading  edge 

Double -peak  glaze  ice,  datum  air  temperature,  30°  F;  High  rate  of  water  catch 
Figure  2-1.  Typical  Ice  Formations  on  an  Airfoil 


Airfoil  Projected  Height/Chord,  h/C  -  Dimensionless 


Angle  of  Attack  -  Deg. 


Figure  2-3.  Projected  Height  of  Several  Airfoils  Plotted  Versus 
Angle  of  Attack. 
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Figure  2-4 


2-39 


Droplet  Reynolds  Number,  Re  . 

Droplet  Hey  acids  Naatber  as  a  Facet,™  of  Speed.  Drop.et  DUtaeter  a„d  AHUude. 
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Figure  2-6 


Figure  2-7 
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Figure  2-8 
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Collection  Efficiency  versus  K«  for  Airfoils  -  Experimental  Data  at  0*  Angle  of  Attack 
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Figure  2-10 
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Figure  2-11 
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Figure  2-12 
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Figure  2-13 


Collection  Efficiency  Versus  K  for  Geometric  Bodies  —  Theoretical  Data  for  0*  Angle  of  Attack. 
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Figure  2-14 
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Figure  2-17 
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Upper  Surface  Impingement  Limits  for  Several  Airfoils  at  0*  Angie  of  a  tack  (Experimental  Data). 


Lower  Surface  Impingement  Limits  for  Several  Airfoils  at  0*  Angle  of  Attack  (Experimental  Data). 
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Lower  Surface  Impingement  Limits  for  Several  Airfoils  at  4e  Angle  of  Attack  (Experimental  Data) 
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Figure  2-21 
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Upper  Surface  Impingement  Limits  fox  Several  Airfoils  at  8*  Angle  of  Attack  (Experimental  Data). 
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Lower  Surface  Impingement  Limits  for  Several  Airfoils  at  8*  Angle  of  Attack  (Experimental  Data). 
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Figure  2-23 
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Impingement  Limits  for  Several  Bodies  of  Revolution  at  0°  Angle  of  Attack  (Experimental  Data). 
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Figure  2-25 
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Figure  2-26 
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Figure  2-27 


Upper  surface  Lower  surfKC' 

Distance  Along  Airfoil  Surface,  S ,  Ratio  to  Chord  Length 

Loc*l  Impingement  Efficiencies  for  65A004  Airfoil  at  4#  Angle  of  Attack  (From  NACA  TN  3047,  Ref.  2-12). 
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Figure  2-29 
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Figure  2-31.  Datum  Tem^rature  u  a  Function  of  Flight  Soeed 
and  Ambient  Temperature. 
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Figure  2-32. 


Equilibrium  Surface  Temperature  Versus  Free  Stream 
for  10,000-ft.  AUitudt  ,Rof.  2-27). 
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Ft«ure  2-33.  Ice  Shape  Types  as  a  Function  of  Speed  and  Ambient  Temperature 
for  a  Liquid  Water  Content  of  0.  2  gm  m3. 


Ice  Shape  Types  as  a  Function  of  Speed  and  Ambient  Temperature 
for  a  Liquid  Water  Content  of  0.  5  gm/m3. 
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Figure  2-35. 


Ice  Shape  Tyrees  as  a  Function  of  Sp^ed  and  Ambient  Temperature 
for  a  Liquid  Water  Content  of  1.  0  gm  m** 
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Rime  Ice 


Airspeed  275  mph,  air  total  temperature  0°F/  LWC 
3 

0.90gm/m  ,  15-micron  droplet  diameter,  icing 
time  7  min. ,  weight  of  ice  0.555  lb. /ft.  span,  change 
in  drag  (  A  C^)  =  0.0061 


Glaze  Ice 


Air  speed  275  mph,  air  total  temperature  25°F,  LWC 

3 

0.90gm/m  ,  15-micron  droplet  diameter,  icing  time 
12  min. ,  weight  of  ice  0.60  Ib./ft.  span,  change  in 
drag  (  A  CQ)  =  0.0370 

Chord  =  6  ft. 

Scale  =  1/2 


Figure  2-36.  Typical  Rime  a».ci  Glaze  Ice  Deposits  on  a  65A004  Airfoil 
at  2°  Angle  of  Attack  (From  NACA  TN  4151.  Ref.  2-29). 
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Upper  surface  . 

Leading  edge  j 


Lower  surface 
Leading  edge 


a. 


Angle  of  Attack  2.3*,  0.5  gm/m 


3 


18  minutes,  0.31  lb.  /ft.  span 


Upper  surface  I  I  Lower  surface 

Leading  edge  |  f  Leading  edge 


3 

b.  Angle  of  attack  7 . 0 ,  1.0  gm/m  ,  10  minutes,  0.7$  lb.  ft.  span 


Figure  2-37.  Typical  Glaze  Ice  Formations  on  an  87-in.  Chord  11  per  cent 
Airfoil  at  25*  F  Total  Air  Temperature. 
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Upper  surface 


Lower  surface 


j  Leading  edge 


|  Leading  edge 


c. 


Angle  of  att  ok  7.0° 


0.5  gmm  ,  26  minutes,  0.45  lb.  /ft.  span 


Figure  2-37.  Typical  Glaze  Ice  Formations  on  an  87.4-in.  Chord  11  per  cent 
Airfoil  at  25°  Total  Air  Temperature. 
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•rM&’.-.ltfjn*;  >0*M.  ■HW/j*' 


|  Leading  edge 


Angle  of  attack  0* ,  0. 5  gm/m  , 
11  minutes,  0. 16  lb.  /ft.  span 


3 

b.  Angle  of  attack  0° ,  0.5  gm/m'  , 
12  minutes,  0.52  1b.  /ft.  span 


Upper  surface 
|  Leading  edge 


3 

c.  Angle  of  attack  2,  3*.  0.  5  gm/m 


Lower  surface 


Leading  edge 


15  minutes,  0.22  lb.  ft.  span 


Figure  2-38.  Typical  Rime  Ice  Formations  on  an  87.4-ln.  Chord 
111?  Airfoil  at  10*  F  Total  Air  Temperature. 
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Leading  edge  j  j  Leading  edge 


I’pper  Surface 


Lower  Surface 


Figure  2-39. 


i  >  pical  <jla?o-Rime  Ice  Formation  on  an  67. 
1 1  'x‘r  Cl'M*  Airfoil  ~  Angie  of  Attack,  9.  3 
Temperature.  10'  F.  1.WC,  1.0  pm  m\  Ten 
L  lb.  ft.  span 


Chord 

Air 
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|  Leading  edge 


a.  Sweep  angle  0* 


b.  Sweep  angie  36* 


c.  Sweep  angle  60* 


Figure  2-40.  Glaze  ice  Formations  on  Airfoils  for  Three  Sweep  Angles. 
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NOMENCLATURE 


A  Area,  sq.  ft. 

Coefficient  of  drag,  dimensionless 
C^  Rate  of  climb,  feet  per  min , 

D  Cylinder  diameter,  ft. 

G  Per  cent  freezing  point  depressant  in  final  mixture 

2 

h  Heat  transfer  coefficient  for  a  cylinder,  BTU/hr.  -ft.  °F 

h  Heat  transfen  coefficient  for  a  flat  plate  in  laminar  flow. 

p  BTU/hr.  -ft.  F 

h  Heat  transfer  coefficient  for  a  flat  plate  in  turbulent  flow, 

P  BTU/hr.  -ft.  0  F 

h  Average  external  dry  air  convective  heat  transfer  coefficient, 

BTU/hr.  -ft.  0  F 

HP^  Available  horsepower 

HP^  Rated  horsepower 

2 

k  Thermal  conductivity  of  air,  BTU/hr. -ft.  ’F  ft. 

K  Surface  wetness  fraction,  dimensionless 

2 

M  Rate  of  evaporation  of  water,  lb.  hr.  -ft. 

Mw  Water  catch  rate,  lb.  hr.  ft.^ 

Po  Undisturbed  ambient  absolute  static  pressure,  in  Hg 
Pj  Local  absolute  static  pressure,  in  Hg 

Pr  Prandtl  number 

q  Heat  transfer  rate.  BTU  hr.  -ft.  ^ 

q  Dynamic  pressure,  psf 

r  Aircraft  range  with  full  military  load,  hr. 
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Reynolds  number  for  a  cylinder 
Reynolds  number  over  a  flat  plate 


Surface  distance  from  stagnation  point  in  stream  direction,  ft. 
Datum  temperature,  9  F 


Surface  temperature,  9  F 
Velocity,  fps 
Weight,  lb. 

Required  weight  flow  of  freezing  point  depressant  mixture,  lb.  /hr. 

Water  catch,  lb.  /hr.  -ft.  span 

Pump  capacity  for  windshield  protection,  qt.  /hr. 

Tank  capacity  for  windshield  protection,  U.S.  gal. 

Per  cent  by  weight  of  freezing  point  depressant  in  the  fluid  mixture. 
Angle  in  degrees  from  air  stagnation  point  to  point  of  interest 


t  through  t  temperature  terms  defined  by  Eq.  11  through  15  of 
Reference  3-2,  9  F. 


Subscript 


ice  With  ice  accretion 


4 


3. 1  SUMMARY 


If  a  need  for  ice  protection  has  been  established  for  am  airframe,  then  the  depth 
or  degree  of  protection  that  is  desired  or  can  be  provided  must  be  established. 
Areas  that  may  require  ice  protection  are  presented  in  Figure  3-1.  Several 
degrees  of  ice  protection  are  possible.  First  is  de-icing,  in  which  ice  accre¬ 
tion  is  permitted  on  the  protected  surface  and  then  removed  periodically. 

Second  is  running  wet  anti-icing,  in  which  moisture  is  prevented  by  some  means 
from  freezing  on  the  surface.  This  moisture  may  run  back  beyond  the  protected 
surface  and  freeze  (commonly  called  runback  ice).  Third  is  evaporative  or  dry 
anti-icing,  in  which  all  moisture  impinging  upon  the  surface  is  evaporated  with 
no  runback. 

These  various  degrees  of  ice  protection  may  be  provided  by  pneumatic 
de-icers,  fluid  freezing  point  depressants,  and  thermal-hot  gas  and  thermal- 
electric  systems. 

This  section  of  the  report  will  describe  the  various  ice  protection  systems 
and  will  present  methods  of  determining  the  requirements  placed  on  the  sys¬ 
tems  to  provide  a  particular  degree  of  ice  protection. 

3.2  INTRODUCTION 

The  purpose  of  this  section  is  to  describe  the  most  commonly  used  techniques 
of  providing  aircraft  ice  protection  and  to  assist  in  the  determination  of  the 
most  suitable  type  of  protection  for  a  particular  airframe.  Many  other  ice  pro¬ 
tection  systems  have  been  devised  and  applied  to  aircraft  but  have  not  received 
widespread  acceptance.  These  systems  have  not  been  included,  as  in  most 
instances  they  employ  the  same  principles  as  the  more  common  systems.  A 
few  unique  systems  are  in  the  process  of  development  and  testing,  but.  since 
details  as  to  effectiveness  and  application  are  lacking,  they  have  not  been 
included. 
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3. 3  MECHANICAL  DE-ICING  SYSTEMS 


3.3. 1  DESCRIPTION  —  In  a  mechanical  de-icing  system,  ice  is  permitted  to 
accumulate  on  the  surface  to  be  protected  and  is  removed  periodically  by 
mechanical  means.  Many  such  systems  have  been  devised,  but  only  one  has 
received  widespread  acceptance.  This  system  consists  of  inflatable  tubes 
made  of  fabric  covered  with  synthetic  rubber.  The  tubes  are  fabricated  into  a 
thin  pad  which  is  wrapped  around  and  bonded  to  the  leading  edge  of  the  surface 
to  be  protected.  These  tubes  may  be  oriented  spanwise  or  chordwise.  The 
tubes  are  manifolded  together  and  connected  to  a  15  to  22  psig  air  pressure 
source.  Inflation  of  the  tubes  under  accreted  ice  breaks  the  ice  into  particles 
and  destroys  the  ice  bond  to  the  surface.  Aerodynamic  forces  then  remove 
the  ice.  The  tubes  may  be  manifolded  and  supplied  in  such  a  manner  as  to 
permit  alternate  or  simultaneous  inflation  of  the  tubes.  Figures  3-2  and  3-3 
show  the  spanwise  and  chordwise  inflatable  tube  de-icing  boots  on  an  airfoil 
leading  edge. 

3.3.2  REQUIREMENTS  —  Components  required  for  the  installation  and  opera¬ 
tion  of  the  Inflatable  tube  de-icing  system  are:  the  pneumatic  de-icers  of  either 
spanwise  or  chordwise  orientation;  a  pressurizing  air  source  of  from  15  to  22 
psig  for  tube  inflation;  a  vacuum  source  for  tube  deflation;  solenoid-actuated 
valves  to  permit  pressurization,  venting  and  evacuating  the  tubes;  a  timer  for 
sequencing  the  operation;  and  the  air  distribution  system.  Miscellaneous  com¬ 
ponents  such  as  Alters,  check  valves,  relief  valves  and  regulators  may  also  be 
required.  A  schematic  of  such  a  system  is  presented  as  Figure  3-4.  Installa¬ 
tion  of  this  equipment  is  normally  directed  by  the  manufacturer.  Before  instal¬ 
ling  such  a  system,  it  is  desirable  to  know  what  effects  the  system  will  have 
upon  aircraft  performance. 

The  weight  of  a  pneumatic  boot  system  for  a  CAR  3  type  aircraft  is  approxi¬ 
mately  40  lb.  The  distribution  of  the  weight  is  such  that  it  should  not  affect  the 
aircraft  balance,  and  the  total  weight  should  not  cause  an  appreciable  performance 
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loss.  The  power  extracted  for  air  pump  operation  of  the  boot  in  a  piston - 
driven  aircraft  is  negligible  in  relation  to  total  power.  The  bleed  air  extracted 
from  a  turbine  engine  for  boot  inflation  should  not  affect  turbine  performance. 
Aerodynamically,  a  performance  loss  may  or  may  not  be  experienced  by  an 
increase  in  airfoil  section  drag,  depending  upon  the  condition  of  the  airfoil  prior 
to  installation  and  the  method  of  installation. 

NACA  has  conducted  wind  tunnel  icing  tests  on  pneumatic  boots  and  their 
de-icing  effectiveness.  Results  of  a  series  of  these  tests  appear  in  Ref.  3-1. 
One  result  reported  in  Ref.  3-1  is  that  boot  installation  lias  no  appreciable 
effect  upon  airfoil  lift. 

After  a  de-icing  cycle,  small  particles  of  ice  may  still  adhere  to  the  sur¬ 
face.  This  is  residual  ice  and  may  be  used  as  a  measure  of  de-icing  system 
effectiveness.  Residual  ice  may  be  minimized  by  permitting  from  one  quarter 
to  three  eighths  ofan  inch  of  ice  to  accrete  before  actuating  the  de  -icers.  Unless 
removed,  the  residual  ice  may  cause  an  airfoil  section  drag  increase  of  from 
five  to  fifteen  per  cent  and  is  independent  of  the  number  of  de-icing  cycles. 

Spanwise  tubes  and  chordwise  tubes  were  found  to  be  equally  effective  in 
removing  ice  down  to  a  leading  edge  radius  of  0.75  in.  .  at  that  radius  and 
smaller,  the  chordwise  tubes  were  less  effective. 

Military  specifications  for  pneumatic  de-icers  are  contained  in  Ref.  3-2. 

3.3.3  FEASIBILITY  —  Pneumatic  boot  de-icing  system  installation  inquires 
only  minor  airframe  modifications  —  e.g.  .  holes  in  the  leading  edge  for  air 
connections  and  installation  of  the  air  and  vacuum  sources.  Power  require¬ 
ments  for  mechanical  de-icing  are  considerably  less  than  for  thermal  dt:  icing 
systems. 

Residual  ice  on  a  mechanical  system  may  be  reduced  on  a  temporary  basis 
by  applying  an  ice  bond  depressant.  This  depressant  does  wear  off  with  each 
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de-icing  cycle  and  during  flights  through  rain  or  for  extended  periods  in  clear 
air;  consequently,  it  should  be  replenished  before  flights  through  predicted  icing 
conditions.  Continued  improvements  in  de-icing  boot  design  should  reduce  any 
Installation  drag  increase  as  well  as  the  drag  caused  by  tube  inflation. 

3.4  FLUID  ICE  PROTECTION  SYSTEM 

3.4. 1  DESCRIPTION  —  A  fluid  ice  protection  system  uses  a  fluid  (miscible 
with  water)  which  —  when  mixed  with  water  —  lowers  the  freezing  point.  If  the 
freezing  point  depressant  is  on  the  surface  prior  to  ice  accretion,  the  impinging 
water  droplets  mix  with  the  depressant,  resulting  in  a  solution  with  a  freezing 
point  lower  than  the  surface  temperature;  consequently,  no  ice  will  form.  This 
is  an  anti-icing  system.  For  a  de-icing  system,  ice  accretion  is  oermitted 
before  actuating  the  system.  The  freezing  point  depressant  then  mixes  with  the 
ice  to  form  a  slush  which  is  swept  away  by  aerodynamic  forces.  Among  the 
fluids  used  for  this  purpose  are  ethylene  glycol ,  isopropyl  alchohol ,  ethyl 
alcohol  and  methyl  alcohol.  Other  proprietary  fluids  are  available,  and  their 
properties  may  be  compared  to  those  listed  when  considering  them  for  design 
purposes. 

One  method  of  applying  the  depressant  to  airfoils  is  through  a  porous  metal 
strip  located  along  the  stagnation  point.  Figure  3-5  is  a  schematic  of  a  porous 
metal  strip.  The  depressant,  after  reaching  the  surface  of  the  airfoil,  flows 
ohordwise  over  the  upper  and  lower  surfaces.  For  airfoilB  where  the  stagnation 
point  shifts  appreciably,  a  porous  metal  panel  covering  the  entire  stagnation 
point  has  been  developed  (see  Figure  3-6).  The  porous  metal  system  of  Ice 
protection  may  be  used  for  either  anti-icing  or  de-icing.  Fluid  usage  for  de¬ 
icing  should  be  appreciably  less  than  for  anti -icing  in  that  only  the  bonding 
surface  need  be  wetted  by  the  depressant  to  break  the  bond  and  have  the  ice 
swept  away  by  aerodynamic  forces. 

Another  method  of  applying  the  freezing  point  depressant  is  through  a  spray 
nozzle.  This  method  normally  would  be  used  on  surfaces  where  the  installation 
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of  a  porous  strip  would  be  impractical  or  uneconomical.  Sharply  curved  surfaces, 
debris  screens,  engine  inlets,  windshields  and  radomes  are  examples  which 
have  had  spray  nozzle  installations.  The  military  requirements  for  windshield 
fluid  protection  appear  in  Ref.  3-3.  There  are  several  designs  cf  spray  nozzles; 
Figure  3-7  is  one  example.  The  spray  nozzle  normally  faces  into  the  airstream, 
and  the  fine  mist  of  freezing  point  depressant  is  swept  back  over  the  surface  to 
be  protected. 

Propeller  freezing  point  depression  systems  use  centrifugal  force  to  dis¬ 
tribute  the  fluid.  The  fluid  is  pumped  into  a  slinger  ring  at  the  back  of  the 
propeller  hub.  The  ring  is  divided  to  afford  equal  distribution  to  each  blade. 

From  the  slinger  ring,  the  fluid  flows  by  centrifugal  forte  into  cups  at  the 
propeller  blade  root.  From  the  cups,  the  fluid  is  discharged  onto  the  leading 
edge  of  the  propeller  and  is  directed  down  the  blade  by  grooves  molded  into 
the  rubber  boot  which  extends  down  the  blade.  Beyond  the  boot  centrifugal 
force  will  normally  keep  the  blade  clear,  or  at  least  prevent  ary  large  accumu¬ 
lation  of  ice. 

3.4.  2  REQUIREMENTS  —  Calculations  to  determine  me  required  amounts  of 
freezing  point  depressant  are  begun  by  solving  an  equation  for  datum  tempera¬ 
ture  (t  )  found  in  Section  2,  Paragraph  2.:.  1  (see  also  Ref.  3-4). 

Figures  3-Sa  through  3-6c  are  solutions  to  the  equations  for  specific  alti¬ 
tudes.  The  rate  of  water  catch  (M  )  is  also  calculated  as  shown  previously  in 

w 

Section  2.  Having  selected  a  freezing  point  depressant  te.g.  ,  50  [H*r  cent 

ethylene  glycol  in  water),  determine  the  percentage  required  from  the  freezing 

point  plot  of  Figure  3-9  which  will  satisfy  the  calculated  t  ,  .  For  example. 

ok 

und  the  required  flow  rate  of  freezing  point  depressant  ^5u  ethylene  glvcol  in 
water)  for  the  following  condition. 

Flight  speed  250  KT AS 

Altitude  20.000  ft. 


3- 11 


Ambient  temperature 


t 


-10*  F 


2 

Water  catch  rate,  M  1. 13  lb.  /hr.  -ft. 

w  2 

Area  15  ft. 

Total  water  catch  17  lb.  /hr. 

Firat,  solving  the  equation  for  or  determining  from  Figure  3-9c,  we 
get  *  0*  F.  Figure  3-9  indicates  35.  5  per  cent  ethylene  glycol  is  needed  to 
maintain  a  0*  F  freezing  point.  Next,  solving  Eq.  3. 4. 1  or  3. 4.  2  shows  41. 6 
lb.  /hr.  of  the  50  per  cent  etbylene  glycol  in  water  is  theoretically  required  to 
prevent  freezing  at  this  condition 


G  M 
_ w 

X  -  G 


(3.4.1) 


Note,  of  course,  that  this  amount  would  be  satisfactory  prevent  freezing 
only  if  the  impinged  area  is  completely  covered  with  the  freezing  point  depres¬ 
sant  solution.  In  general,  because  of  distribution  efficiency,  the  actual  amounts 
will  be  from  1.  2  to  1.5  times  greater,  even  for  a  well-designed  system.  For 
engine  inlets,  a  factor  up  to  twice  theoretical  is  often  used,  depending  upon 
inlet  geometry  and  protection  required.  Tests  conducted  by  NACA  on  fluid  ice 
protection  of  radomes  show  a  good  correlation  cf  theoretical  and  experimental 
fluid  ice -protection  requirements.  The  results  were  reported  in  NACA  RM 
E52J31  (Ref.  3-5).  Clrves  from  this  report  are  presented  as  Figures  3-11 
through  3-14. 

Calculation  of  the  required  fluid  flow  for  de-icing  using  the  porous  metal 
system  is  almost  Impossible.  A  laboratory  example  of  the  decrease  in  ice  bond 
strength  with  addition  of  a  glycoi-baaed  fluid  is  listed  below  for  a  datum 
temperature  of  ♦  14*  F  (Ref.  3-6). 


Per  Cent  Fluid 
Added 


0 

1 

2 

3 


Shear  Strength 
Ice  to  t ight  A lloy 

104  pel 
7  psi 

1  psi 
0  pst 
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Twenty  four  per  cent  (by  weight)  of  ethylene  glycol  must  be  added,  to  water 
to  lower  the  freezing  point  to  14°  F.  As  an  ice  formation  grows  the  aerodynamic 
forces  on  it  increase.  The  point  at  which  these  forces  overcome  the  bond  strength 
is  impossible  to  predict. 

After  considerable  study  and  several  tests  the  British  Air  Registration 
Board  has  arrived  at  a  fluid  flow  rate  of  1/3  Imperial  pint  of  ethylene  glycol 
per  hour  (0.46  lb. /hr.)  per  square  foot  of  airfoil  r':ojected  frontal  area  for  the 
perous  metal  panel  distributor.  What  this  would  mean  for  a  light  aircraft  with 
a  33-ft.  wingspan  and  0.  67- ft.  chord  thickness  would  be  a  supply  on  board  of 
7.35  pt.  per  hour  (10.25  lb.  /hr.)  of  fPght  in  icing  conditions.  This  f  jw  would 
allow  anti-icing  at  temperatures  near  32®  F,  and  intermittent  removal  (de-icing) 
at  lower  temperatures. 


Anti-icing  this  aircraft  under  the  following  typical  conditions:  water  catch 
rate  2.84  lb.  /hr. -ft.  of  span,  airspeed  200  kt.  .  altitude  10,000  ft.  and  temper  ¬ 
ature  -10°  F,  would  require  a  fluid  flow  ratn  of  55  lb.  hr.  of  ethylene  glycol. 
Additional  fluid  would  be  required  for  propeller  and  other  areas  to  be  protected. 
The  rate  of  fluid  flow  laid  down  for  propeller  de-icing  by  the  British  Air  Regis¬ 
tration  Board  is  0.83  Imperial  pt.  (1. 16  lb.)  per  foot  run  of  blade  per  hour. 

Other  formulas  to  be  used  for  determining  system  requirements  are  as 
follows: 

For  50  50  glycol  water  only, 


W 


f 


2  G  M 

_ 

100  -2G 
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The  following  equations  are  taken  from  Ret.  3-3.  a  military  specification, 
and  are  for  the  most  severe  conditions.  They  may  be  over!’,  conservative  for 
many  applications. 


Pump  capacity  for  windshield  protection 

‘> 

W  \2  3  A)  \2  qt.  hr.  -ft.  “) 

P 

Tank  capacity  for  windshield  protection 
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3.4.3  FEASIBILITY  —  The  theoretical  required  flow  rate  of  freezing  point 
depressant  calculated  in  Eq.  3.4. 1  must  be  modified  for  prac^cal  use.  For 
an  anti-icing  jystem,  the  distribution  efficiency  muat  be  considered.  Porous 
metal  panel  or  strip  efficiency  may  be  affected  by  variations  in  loca1  static 
pressure  or  by  variations  in  porosity  caused  by  dirt  or  damage.  The  efficiency 
of  a  spray  nozzle  will  be  affected  by  the  degree  of  atomization,  local  air  pat  • 
terms  and  the  spr  ay  patterns.  Test  programs  usually  can  overcome  most  of 
the  difficulties  and  keep  the  fluid  requirements  within  tolerable  limits.  Excess 
weight  may  be  a  limiting  factor  for  missions  requiring  long  flight  duration  in  .cing. 
For  radomes  the  anti-icing  fluid  may  cause  transmission  losces  as  great  as  mod¬ 
erate  ice  accretions. 

As  indicated  Figures  3  5  and  3-8,  the  porous  strips  and  panels  must  be 
designed  into  the  airfoil  leading  edge.  Installation  on  an  existing  aircraft  would 
probably  require  fabrication  of  a  new  leading  edge  with  the  system  incorporated. 
Installation  weights  are  nominal;  the  distribution  system  requires  but  little 
space.  Figure  3-10  is  a  schematic  of  a  typical  distribution  system. 

A  spray  nozzle  system  may  be  Installed  on  an  existing  airfoil  with  a  mini¬ 
mum  of  modification.  The  distribution  system  would  be  similar  to  that  shown 
in  Figure  3-10  with  spray  nozzles  in  place  of  the  porous  panels.  This  type  of 
installation  probably  ’hould  be  usti  as  an  anti-icing  system,  because  a  spray 
nozzle  de-  icing  system  requires  considerably  more  fluid. 

Advantages  of  the  porous  met*.!  fail!  distribution  system  are  low  fluid  flow 
requirements,  smooth  contour  to  leading  edge,  and  better  efficiency  when  used 
an  an  anti-icing  or  de-icing  system.  Disadvantages  are:  (1)  the  porous  strip  must 
be  designed  into  an  aircraft;  (2)  the  fine  holes  in  the  porous  panel  are  subject  to 
plugging  by  dirt  from  the  outside  or  by  impurities  from  the  inside;  (3)  the 
installed  weight  when  compared  to  the  spray  nozzle  system  is  greater,  (4)  the 
system  is  not  easi’y  adaptable  to  comp’ex  shapes  without  considerable  design 
and  fabrication,  and  (5)  the  system  is  time -limited  by  tank  capacity. 
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Advantages  of  a  spray  nozzle  system  are:  (1)  it  is  applicable  to  almost  any 
surface;  (2)  it  can  be  installed  in  most  existing  aircraft;  and  (3)  it  can  be 
easily  maintained.  Disadvantages  are:  (1)  excessive  fluid  is  required  due  to 
system  inefficiency:  (2)  the  system  is  not  adjustable  to  changing  angles  of 
attack:  and  (3)  The  system  is  not  very  suitable  for  de-icing. 

Installation  of  a  freezing  point  depressant  system  would  be  practical  on  an 
aircraft  which  lacked  sufficient  hot  air  for  thermal  ice  protection.  Installation 
weight  of  the  fluid  system  is  comparable  to  several  other  ice-protection  systems. 
Weight  of  fluid  may  be  several  times  the  installation  weight,  however,  if  long 
periods  of  protection  are  required. 

Any  cf  the  fluids  shown  in  Figure  3  -9  are  suitable  for  use  in  anti-icing  or 
de-icing  systems.  Ethylene  glycol  in  a  common  choice.  Although  it  is  not  as 
effective  a  freeze-point  depressant  as  the  alcohols,  it  has  several  advantages: 
it  is  commercially  available  in  large  quantities,  has  low  volatility,  and  does 
not  represent  a  fire  hazard. 

3.5  THERMAL  ANTI-ICING 

3. 5. 1  DESCRIPTION  -  Thermal  anti-icing  systems  use  heat  to  maintain  the 
temperature  of  the  surface  to  be  protected  above  freezing  throughout  an  icing 
encounter.  Thermal  anti-icing  systems  are  classified  as  evaporative  and  run¬ 
ning  wet.  Evaporative  systems,  as  the  name  implies,  supply  sufficient  heat  to 
evaporate  all  water  droplets  impinging  upon  the  heated  surface.  The  running 
wet  systems,  however,  provide  only  enough  heat  to  prevent  freezing  upon  the 
heated  surface.  Beyond  the  heated  surface  of  a  running  wet  system,  the  water 
could  freeze  (generally  called  runback  ice).  For  this  reason,  running  wet  sys¬ 
tems  must  be  used  carefully  so  as  not  to  permit  runback  ice  buildup  in  critical 
locations.  For  example,  the  heated  surface  of  a  running  wet  system  on  a 
turboprop  or  turbojet  inlet  should  extend  into  the  inlet  to  the  compressor  face 
so  that  the  water  runoff  will  combine  with  the  intake  air  and  not  strike  cold 
surfaces  where  it  could  refreeze,  break  off,  and  possibly  damage  the  engine. 
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Basically,  two  sources  of  heat  for  thermal  anti-icing  are  used  in  aircraft: 
electrical  heaters  and  hot  air.  For  anti-icing,  the  heat  source  must  remain  on 
throughout  the  icing  encounter.  Areas  oi  an  aircraft  that  may  be  afforded  ther¬ 
mal  ice  protection  are  included  in  Figure  3-1.  Of  these  areas,  the  windshield 
is  always  given  anti-ice  protection  while  the  remainder  of  the  areas  may  be 
given  anti-icing  or  de-icing  protection,  depending  on  the  power  available  for 
ice  protection  and  the  effects  of  ice  accretion  on  the  aircraft. 

3. 5. 1. 1  Electrical  System  Description  —  The  power  requirements  for  com¬ 
pletely  anti-icing  an  airplane  using  an  electrical  powered  heat  source  are  pro¬ 
hibitive;  therefore,  the  areas  generally  anti-iced  electrically  are  the  windshield, 
small  air  inlets  ami  areas  remote  from  any  hot  air  source.  For  windshields, 
three  basic  systems  of  electrical  heating  are  used.  One,  i  thin,  transparent, 
metallic  oxide  film  fired  on  to  the  Inner  surface  of  the  outer  glass  ply.  Second, 
a  thin,  transparent,  metallic  film  deposited  on  the  inner  surface  of  tho  outer 
glass  or  plastic  ply.  Third,  a  wire  grid  system  placed  adjacent  to  the  Inner 
surface  of  the  outer  glass  or  plastic  ply.  Figure  3-15  shows  typh  al  windshield 
construction  for  light  aircraft.  Typical  construction  for  heavy  aircraft  is 
shown  later  in  Section  4. 2,  figure  4. 2-26.  The  thickness  of  the  conducting 
medium  can  be  varied  to  accommodate  variation  in  heating  requirements  or  to 
heat  irregular  shaped.  High  power  density  heating  is  usually  limited  to  nearly 
rectangular  areas,  however.  Small  inlets  and  other  areas  to  be  given  electrical 
anti -ice  protection  will  have  the  heating  element  (foil,  resistance  wires,  flame- 
sprayed  metal,  expanded  metal,  etc.)  imbedded  in  a  flexible  pad  bonded  to  the 
surface  to  be  protected,  o*  the  heating  element  may  be  imbedded  in  a  plastic, 
fiberglass  or  metal  part  which  is  the  basic  structure. 

3. 5. 1. 2  Hot  Air  System  Description  -  Several  sources  of  hot  air  for  anti-icing 
are  available,  depending  on  the  aircraft  type.  In  turbojet  and  turboprop  aircraft, 

engine  bleed  air  may  be  available.  For  pletoa  engine  aircraft,  combuatlon  heaters 
or  exhaust  gas  heat  exchangers  may  be  used. 
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Areas  usually  protected  by  a  hot  air  system  are  engine  inlets,  wing  leading 
edges,  and  occasionally  empennage  leading  edges.  Basically,  the  hot  air  is 
manifolded  to  the  various  portions  of  the  aircraft  to  be  protected  and  finally  dis¬ 
tributed  in  any  one  of  several  methods,  as  shown  in  Figures  3-16  and  3-17.  The 
hot  air  is  introduced  as  close  as  possible  to  the  stagnation  point  of  the  surface 
to  be  protected  and  permitted  to  flow  chordwise  toward  an  exit  point  through  gas 
passages.  The  exhaust  gas  is  generally  dumped  overboard  at  a  non-critical 
location. 

3.5.2  REQUIREMENTS  —  Equations  expressing  heat  transfer  and  evaporation 
from  wetted  surfaces  during  icing  encounters  have  been  used  to  develop  a  graph¬ 
ical  solution  for  the  determination  of  heat  required  for  anti-icing  (Ref.  3-4). 
Figures  3-18a  and  3-18b  are  presented  for  this  purpose.  Preparatory  to  using 
these  figures,  the  local  heat  transfer  coefficient  and  rate  of  water  catch  (M^) 
must  be  determined. 

To  determine  the  local  heat  transfer  on  an  airfoil,  the  following  three 
equations  may  be  used: 


a. 


Heat  transfer  coefficient  for  a  cylinder  (h 
leading  edge  of  the  airfoil. 


of  the  same  radius  as  the 


h 

cy 


,  ,  .  _  0. 4  _  0.5, 
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9  3 
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(Ref.  3-7) 


b. 


Heat  transfer  coefficient  for  laminar  flow  over  a  Pa!  plate 
chordwise  extent  of  the  heated  surface  . 


0.332  Pr1  3  Re  °*  5k 

_ _ O _ 


(Ref.  3-7) 


c.  Heat  transfer  coefficient  for  turbulent  flow  over  a  flat  plate  to  the 
chordwise  extent  of  the  heated  surface 

0.0296(Pr)1  3Re  °'8k 

V - s" -  <Rt’f-3-7) 
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A  typical  plot  of  these  heat  transfer  coefficients  is  presented  in  Figure  3-19 

for  a  specific  altitude  rind  airspeed.  The  transitions  from  flat  plate  laminar  to 

flat  plat  turbulent  are  only  estimates,  as  the  location  of  the  transition  region 

will  vary  with  surface  roughness,  airfoil  shape  and  angle  of  attack.  Transition 

8 

will  usually  start  at  a  Reynolds  Number  of  .  5  to  2  x  1C  and  the  flow  will  be  fully 

6 

turbulent  at  a  Reynolds  Number  of  2  to  4  x  10  . 

These  equations  may  be  used  to  determine  the  heat  required  per  unit  area 
along  the  chord.  On  tapered  and  swept -hack  airfoil,  these  calculations,  per¬ 
formed  at  several  span  stations,  can  become  unnecessarily  tedious.  In  practice, 
the  heat  transfer  coefficients  for  a  span  station  are  plotted  as  in  Figure  3-19 
and  an  average  value  assumed  for  that  station.  This  average  value  (h  )  is  then 
used  to  enter  Figures  3-18a  and  3-18b  to  determine  the  anti-icing  heat  require¬ 
ments.  This  assumption  of  an  average  value  of  heat  transfer  coefficient  has  a 
percentage  of  error  in  the  same  order  of  magnitude  as  the  assumptions  made 
in  the  meteorological  variables. 


The  water  catch  rate  (M is  obtained  by  dividing  the  water  catch  (WJ  by 
the  heated  area  per  foot  of  span  for  each  s panwise  position  (see  Section  2  and 
the  example  in  Section  4).  For  a  completely  evaporative  system,  the  rate  of 
evaporation  of  water  (M^)  must  equal  the  rate  of  water  catch  (M .  With  this 
knowledge,  the  following  equation  may  be  solved  for 


1066  M 

ov 

T3  *  h  K  T4 

a 


(3. 5. 1) 
(Ref.  3-4) 


where  K  is  the  surface  wettness  fraction  which  is  assumed  to  be  1. 0  in  the 
impingement  region  and  0. 20  to  0. 25  beyond  the  impingement  region.  With  t  , 

O 

Figure  3- 18b  la  entered  with  p  to  find  t  . 

os 

If  designing  for  a  running  wet  system ,  the  surface  temperature  (t  )  is 

0 

assumed  to  be  some  value  above  freezing  (such  as  35"  1,  and  r  is  found  graph- 

a 
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ieally.  The  next  steps  are  the  graphical  solution  for  t  through  r  using  Figures 

1  o 

3-18a  and  3-18b  and  the  solution  of  Equation  3.  5.  2  for  the  heat  transfer  rate  at 
each  spanwise  position. 

q/ha  =  r  -  t2  +  K  (t  -  t  )  +  t  (3.  5.  2) 

(Hef.  3-4) 

The  heat  transfer  rate  (q)  may  then  be  plotted  versus  spanwise  position  to 
obtain  heating  distribution  requirements.  Typical  values  for  a  wing  are  from 
2, 5000  to  5, 5000  BTU/hr.  -ft.  span. 

Military  requirements  for  thermal  anti-icing  systems  may  be  found  in 
Ref.  3-8. 


Windshield  anti-icing,  defrosting  and  de-fogging  requirements  for  military 
aircraft  are  specified  in  Ref.  3-9.  Figure  3-20  is  a  curve  of  heat  requirements 
from  Ref.  3-9  to  be  met  during  all  conditions  up  to  normal  cruising  speed  of  the 
airplane  with  an  exterior  windshield  surface  temperature  of  35°  F.  Although 
not  stated  in  the  specification,  it  is  believed  that  the  values  shown  are  based  on 
an  ambient  temperature  of  0  F.  Reference  3-23  requires  that  the  windshield  anti¬ 
icing  system  shall  be  capable  of  operation  during  engine  warm-up,  taxi,  takeoff 
and  touchdown,  as  well  as  during  normal  flight.  The  specification  values  are 
based  on  the  most  severe  condition  of  a  windshield  normal  to  the  airstream. 

Less  heat  will  be  needed  for  windshields  that  are  inclined. 

3.5.3  FEASIBILITY 

3.5.3. 1  Electrical  System  Feasibility  —  The  use  of  continuously  heated  elec¬ 
trical  ice  protection  systems  for  relatively  large  areas,  (e.g. ,  leading  edges 
of  wing  or  tail  surfaces)  is  not  feasible  for  any  aircraft  because  of  the  great 
amount  of  power  required  and  the  associated  weignts  of  the  power  generating 
equipment.  Icing  protection  for  windshields  and  other  small  components  will 
usually  be  the  running  wet  system  unless  runback  ice  would  create  a  hazardous 
condition.  An  example  of  a  hazardous  condition  would  be  windshield  runback 
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ice  breaking  off  and  entering  a  rear-mounted  engine.  The  power  required  for 
windshield  protection  of  CAR  3  aircraft  will  usually  be  between  2. 0  to  4. 0  watts 
per  sq.  in.  depending  on  airspeed,  windshield  configuration,  and  design  ambient 
temperature.  Power  requirements  for  the  other  components  will  depend  upon 
their  shape  or  icing  potential. 

3. 5. 3. 2  Hot  Air  System  Feasibility  -  In  determining  the  feasibility  of  a  hot 
air  system,  the  heat  required  for  anti-icing  (as  determined  in  Paragraph  3. 5. 2) 
must  be  translated  into  terms  of  bleed  air  flow  requirements.  In  some  cases, 
the  amount  of  bleed  air  available  at  certain  operating  conditions  may  be  inadequate, 
or  may  have  excessive  effects  on  engine  performance.  Also  to  be  considered  are 
the  pressure  and  temperature  losses  throughout  the  distribution  system ,  The 
suggested  procedure  is  for  the  designer,  either  by  experience  or  by  preliminary 
calculations,  to  arrive  at  a  double -skin  heat  exchanger  and  supply  system.  This 
system  is  then  analyzed,  adjusting  the  inlet  temperature  and  rate  of  flow  until 
effective  operation  is  obtained.  If  this  condition  cannot  be  met  within  the  limits 
of  available  flow,  permissible  temperatures  and  allowable  expenditure  of 
energy,  the  design  must  be  altered  until  a  satisfactory  solution  is  obtained. 

An  excellent  design  manual  for  thermal  anti-icing  systems  is  WADC  Technical 
Report  54-313,  "A  Design  Manual  for  Thermal  Anti-Icing  Systems"  (Ref.  3-10). 

Military  specifications  state  that  exhaust  gases  from  either  turboprop  or  turbo¬ 
jet  engines  shall  not  come  into  contact  with  any  portion  of  the  aircraft  other  than 
the  exhaust  ducts;  consequently,  if  the  energy  of  the  exhaust  gases  is  to  be  used, 
a  heat  exchanger  must  be  incorporated.  This  is  necessary  because  of  the  toxic 
and  corrosive  nature  of  the  exhaust  gases  (Ref.  3-8). 

3.6  THERMAL  DE-ICING 

3.6.1  SYSTEM  DESCRIPTION  —  In  a  de-icing  system,  ice  accretion  is  per¬ 
mitted  on  the  surfaces  to  be  protected  and  is  removed  periodically.  Thermal 
de-icing  systems  function  by  applying  sufficient  heat  to  the  ice  interface  to  melt 
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the  bonding  layer  of  ice;  aerodynamic  or  centrifugal  forces  then  remove  the 
bulk  of  the  ice.  The  areas  that  may  be  protected  by  a  de-icing  system  are  shown 
in  Figure  3-1. 

Large  areas  to  be  protected  will  normally  be  divided  into  small  shedding 
sections  by  continuously  heated  (anti-icing)  chordwise  and  spanwise  parting 
strips.  Figure  3-21  is  a  schematic  of  such  a  division  showing  the  spanwise 
parting  strip  located  along  the  stagnation  line  of  the  airfoil  and  the  chordwise 
parting  strips  ruining  chordwise.  Cyclic  de-icing  is  usually  reserved  for  the 
larger  areas  as  the  weight  and  complexity  of  controls  does  not  justify  its  use 
on  small  areas. 

3. 6. 1. 1  Electrical  System  Description  —  Electrical  thermal  de-icing  systems 
contain  electrical  resistance  heaters  (foil,  film,  wire  network,  mesh,  etc.) 
imbedded  in  Fiberglas,  plastic,  rubber  or  metal  that  is  either  the  basic  struc¬ 
ture  to  be  protected  or  can  be  attached  to  the  basic  structure  (Ref.  3-11). 

Figure  3-22  shows  crc^s-sections  of  typical  electric  heaters.  Anti-icing  part¬ 
ing  strips  are  used  in  the  electrical  de-icing  system  to  divide  the  total  protec¬ 
ted  area  into  smaller,  sequentially  heated  areas.  This  reduces  the  total  instan¬ 
taneous  power  requirement  and  maintains  a  stable  load  on  the  electrical  system. 
The  size  of  the  cycled  shedding  sections  wili  depend  upon  the  total  wattage 
available  and  the  wattage  density  required  for  efficient  ae- icing. 

Electric  thermal  de-icing  of  propellers  may  be  accomplished  by  applying 
heating  pads  to  the  external  surface  of  the  blade  or  by  heating  the  blade  intern- 
ally  (Ref.  3-12  and  3-13).  An  example  of  the  construction  of  an  external  electric 
heater  for  a  propeller  Is  shown  in  Figure  3-23.  The  outer  ply  of  the  propeller 
heater  must  be  of  a  material  which  is  rain  erosion  resistant  and  not  too  vul¬ 
nerable  to  hail  damage.  Ail  blades  of  a  propeller  should  be  de-iced  at  the  same 
time,  to  avoid  the  vibration  problems  of  non-uniform  shedding. 
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3. 6. 1. 2  Hot  Air  System  Description  —  Hot  air  thermal  de-icing  systems  are 
similar  to  electrical  thermal  systems  in  that  heat  is  applied  intermittently  to 
each  shedding  section.  In  lieu  of  an  electrical  controller,  the  hot  air  system 
contains  valves  at  each  shedding  section.  Sources  of  hot  air  vary  depending 
upon  the  type  of  power  plant.  In  turbojet  and  turboprop  engines,  hot  air  may 
be  obtained  directly  from  compressor  bleed  or  from  a  heat  exchanger  located 
in  the  exhaust  system.  Combustion  heaters  may  be  used  with  either  plstion 

or  turbine  engines.  The  hot  air  is  distributed  from  its  sources  to  the  shedding 
section  by  lightweight  ducts.  Figure  3-24  shows  an  NACA  air-heated  cyclic 
de-icing  wing  section  with  a  continuously  heated  parting  strip,  and  valving  for 
cyclicly  heating  the  shedding  sections  (Ref.  3-14).  The  air  Is  then  discharged 
overboard  at  some  convenient  location. 

3.6.2  REQUIREMENTS  —  Heat  used  for  de-icing  must  be  used  as  economically 
as  possihle.  It  is  thus  necessary  to  ensure  that  as  much  of  the  heat  as  possible 
is  used  for  melting  ice  and  that  no  more  ice  is  melted  than  necessary,  or  run- 
back  ice  may  occur  on  unheated  surfaces.  It  has  been  found  desirable  to  have 
the  following  characteristics  in  the  cyclicly  heated  shedding  zones: 

a.  A  high  specific  heat  input  applied  over  a  short  period.  This  generally 
requires  lees  total  energy  than  a  lower  specific  heat  over  a  longer  period  of 
time.  The  high  specific  heat  input  reduces  the  convective  heat  losses  from  the 
exposed  ice  surface  and  oonductlve  losses  to  the  ice  and  structure. 

b.  Immediate  cessation  of  heating  and  rapid  cooling  of  the  sur&ce  after 
shedding  occurs.  (This  is  to  avoid  runback  ice. ) 

c.  The  heated  area  should  be  the  minimum  necessary  so  that  heat  is  applied 
only  under  the  ice  and  not  dissipated  to  the  ai^rcain 

d.  Good  insulation  between  the  heater  and  the  supporting  structure  is 
required  to  direct  the  heat  outwards  to  the  exposed  surface. 
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e.  To  produce  clean  shedding  and  to  avoid  runback  icing,  the  proper  dis¬ 
tribution  of  heat  is  required,  it  is  desirable  that  melting  of  the  ice  bond  should 
occur  uniformly  over  the  surface;  this  may  require  some  chordwise  gradient  to 
the  heat  input. 

f.  The  spanwise  and  chordwise  parting  strips  must  prevent  any  bridging 
from  one  shedding  zone  to  another.  A  small  strip  of  anchorage  may  prevent 
large  pieces  of  ice  from  shedding. 

g.  The  cycle  "off  time"  should  be  controlled  to  permit  adequate  ice  accre¬ 
tion  for  the  best  shedding  characteristics.  Runback  ice  iormations  can  be  mini¬ 
mized  by  decreasing  the  number  of  cyclic  operations  (using  longer  heat  off  times). 

This  "off  time"  will  depend  upon  the  thermal  capacity  of  the  shedding  zone 
and  the  rate  at  which  the  surface  cools  to  32°  F.  It  should  also  depend  upon  the 
icing  rate  so  that  the  ice  thickness  accumulated  is  the  best  for  shedding  when 
de-icing  occurs.  If  an  icing  rate  meter  is  available,  then  coupling  it  to  the  de¬ 
icing  system  would  assist  in  optimizing  the  system.  For  an  electric  system, 
the  "off  time"  may  be  from  three  to  four  minutes;  the  "off  time"  for  a  hot  gas 
system  may  be  from  four  to  sue  minutes.  The  longer  "off  period  for  ihe  hot 
gas  syst  m  is  a  result  of  its  greater  thermal  inertia. 

System  requirements  for  de-icing  must  be  considered  in  two  parts  first, 
the  parting  strips  and  dividing  strips,  and  second,  the  cycled  shedding  area. 
Requirements  for  parting  strips  are  calculated  as  shown  in  Paragraph  3.  5.  2 
The  heat  input  to  the  strips  must  provide  at  least  running  wet  anti-icing  to  pre¬ 
vent  ice  from  bridging.  Control  of  the  temperature  of  the  strips  *s  desirable 

both  for  economy  and  to  prevent  over-heating.  Over  heating  the  parting  strip 
encourages  runback  icing  and  detracts  from  shedding  performance.  Severe 
overheating  may  cause  a  burnout  of  the  heating  elements.  Parting  strip  widths 
must  be  sufficient  to  accommodate  the  change  in  stagnation  point  with  changes 
in  angle  of  attack.  A  parting  strip  width  of  from  1  to  1. 25  in.  should  be  iJt 
quate  for  most  installations. 


Power  requirements  for  the  parting  strips  are  essentially  a  single  valued 
function  of  the  surface  datum  temperature  with  no  significant  variations  result¬ 
ing  from  angle  of  attack,  water  content,  droplet  size  or  cycle  times.  Figure 
3-25  is  a  reproduction  of  Figure  6  of  NACA  RM  E5U30  (Ref.  3-11)  showing 
parting  strip  electrical  power  requirements  versus  datum  temperature.  The 
difference  between  the  input  power  and  the  measured  net  power  to  the  outer 
surface  is  a  measure  of  the  efficiency  of  the  system. 

Aircraft  wings  with  30 -deg.  sweep-back  or  more  will  normally  use  only 
chordwise  parting  strips,  since  aerodynamic  forces  will  remove  the  ice  from 
the  shedding  zones  without  the  aid  of  stagnation  line  parting  strips. 

Heat  for  the  hot  gas  de-icing  system  parting  strips  may  be  obtained  through 
a  conductive  fin  from  the  hot  gas  duct  to  the  stagnation  point  (see  Figure  3-24) , 
or  a  parting  strip  may  be  created  during  cycling  of  the  shedding  section  by  very 
high  heat  transfer  occurring  along  the  stagnation  point.  The  power  require¬ 
ments  at  the  outer  surface  for  a  parting  strip  would  be  the  same  for  either  a 
hot  gas  or  electric  system.  However,  the  hot  gas  input  power  will  be  higher  to 
compensate  for  the  inefficiency  of  the  hot  gas  system. 

Shedding  zone  power  requirements  are  difficult  to  determine.  Heat  trans¬ 
fer  rates,  aerodynamic  forces  and  bonding  characteristics  of  the  ice  (to  the 
surface  material)  are  some  of  the  factors  affecting  the  power  requirements. 
Experimental  values  of  shedding  zone  electrical  power  density  on  an  airfoil  for 
various  heat-on  times  are  shown  in  Figure  3-26  (Reference  3-11).  From  these 
curves  it  can  be  seen  that  the  most  desirable  heat-on  times  would  be  between 

10  and  30  seconds.  Heat-on  times  less  than  10  seconds  would  require  heaters 
capable  of  withstanding  very  high  power  densities  and  a  large  number  of  cycled 
areas.  Heat -on  times  longer  than  40  seconds  would  not  result  in  an  appreciable 
reduction  in  power  de"*dty.  Shedding  zone  power  density  requirements  are  not 
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appreciably  affected  by  variations  in  heat-off  times  or  liquid  water  content.  To 
achieve  an  even  melting  of  ice  throughout  the  shedding  zone,  it  was  found  de¬ 
sirable  to  have  a  uniform  power  distribution  in  the  region  of  direct  water 
impingement  and  a  decreasing  power  requirement  downstream. 

Hot  gas  shedding  zone  power  requirement  calculations  have  to  account  for 
the  decreased  efficiency  of  this  system  compared  to  an  electric  system.  Tests 
conducted  by  NACA  on  a  cyclic  hot -gas  de-icing  system  installed  in  an  NACA 
65^-212  airfoil  of  eight-foot  chord  are  reported  in  Ref.  3-14.  Test  results  show 
that  the  required  heating  rate  increases  rapidly  with  a  decrease  of  heat-on 
period  and  is  particularly  marked  for  heat-on  periods  less  than  10  seconds  as 
with  the  cyclic  electric  system.  The  heating  rate  required  is  affected  largely 
by  the  air  temperature.  Curves  showing  heating  rate  required  for  marginal 
de-icing  performance  versus  datum  air  temperature  for  various  heat-on  times 
is  shown  in  Figure  3-27.  A  comparison  of  the  heat  requirements  for  de-icing 
versus  anti-icing  for  the  same  airfoil  are  shown  in  Figure  3-28.  In  this  figure, 
a  cycle  ratio  of  1.0  denotes  continuous  heating  or  anti-icing  heat  requirements. 
The  equivalent  continuous  heating  requirements  of  a  de-icing  system  drops 
rapidly  up  to  a  cycle  ratio  of  "off-time"  to  "on-time"  of  approximately  5.  By 
using  a  cycle  ratio  greater  than  5,  very  little  increase  in  economy  can  be 
realized.  In  addition,  a  long  cycle  time  may  permit  heavy  ice  accretions.  As 
shown  in  this  figure,  a  de-icing  system  with  a  cycle  ratio  of  5  requires  from 
one  third  to  one  fourth  the  power  of  an  equivalent  anti-icing  system. 

Over-heat  protection  devices  may  be  required  for  both  electrical  and  hot 
air  de-icing  systems.  Inadvertent  actuation  of  the  electrical  de-icing  system 
during  a  period  where  little  cooling  takes  place  would  cause  burnout  of  the  high 
wattage  density  heating  pads.  Inadvertent  operation  of  the  hot  gas  system  might 
cause  structural  members  to  exceed  safe  temperature  limits.  The  over  heat 
protection  device  should  be  temperature  sensing  so  that  the  systems  may  be 
used  during  ground  operation  to  remove  accumulated  ice  and  during  takeoff  to 
prevent  excessive  ice  formation. 
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Propeller  thermal  de-icing  requirements  will  vary  depending  upon  propeller 
diameter,  rotational  speed  and  aircraft  forward  velocity.  Results  from  an 
NACA  wind  tunnel  test  of  an  external  electric  propeller  de-icing  system  indi¬ 
cate  a  power  requirement  of  from  4. 5  to  10  watts  per  square  inch  for  an  ambi¬ 
ent  temperature  range  from  21  to  2®  F  (Ref.  3-12).  Other  conclusions  reached 
during  this  investigation  were:  the  radial  extent  of  heating  will  depend  upon  the 
kinetic  temperature  rise  of  the  propeller ,  and  the  chordwise  distribution  of 
heat  input  should  approach  uniformity.  Tests  have  also  been  conducted  on  an 
internal  electric  de-icing  system  (Ref.  3-13).  These  tests  indicate  that  a  maxi¬ 
mum  of  1,500  watts  per  blade  for  a  5. 5-ft.  blade  (11  ft.  dia.)  may  be  required 
for  temperature  conditions  from  0®  to  17®  F.  A  heat -on  time  of  approximately 
80  seconds  with  a  total  cycle  time  of  four  minutes  was  used. 

Shedding  of  ice  from  propellers  should  be  uniform  from  each  blade  to  pre¬ 
vent  unbalance.  Also,  the  frequency  of  shedding  should  be  scheduled  to  prevent 
large  pieces  of  ice  from  forming,  as  they  may  cause  damage  to  the  aircraft 
when  they  are  shed.  Structural  protection  from  ice  shed  by  propellers  is 
specified  in  CAR  4b. 

3.6.3  FEASIBILITY 

3.6. 3.1  Electrical  System  Feasibility  —  An  electric  thermal  de-icing 
system  may  be  installed  on  any  existing  aircraft  by  attaching  flexible  wrap¬ 
around  heating  pads  to  the  structure  with  an  adhesive.  The  heating  pads  are 
fairly  thin  and  may  not  appreciably  affect  the  aircraft  performance.  Another 
method  of  providing  thermal-electric  ice  protection  is  to  mold  the  heating 
elements  into  the  leading  edge  structural  member  as  shown  in  Figure 
3-22.  No  aerodynamic  performance  loss  may  be  experienced  by  this  construc¬ 
tion  method.  Early  fabrication  techniqueo  using  wire  heating  elements  had  the 
disadvantage  that  damage  to  a  small  section  required  replacement  of  the  com¬ 
plete  unit.  One  of  the  latest  methods  uses  expanded  metal  which  may  be  re¬ 
paired,  thereby  making  large  structural  sections  both  practical  and  economical. 
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The  electrical  wiring  supplying  power  for  the  heating  pads  requires  little 
space  and  can  normally  be  routed  through  existing  passages  within  the  structure. 
Generating  equipment  may  be  either  engine-driven  or  driven  by  an  auxiliary 
power  source.  The  required  capacity  of  the  power  generator  will  depend  upon 
several  factors:  the  efficiency  of  the  heating  pads,  the  wattage  of  the  shedding 
sections  and  the  number  required  to  be  on  at  any  one  time.  The  cycling  of  the 
shedding  sections  may  be  scheduled  to  maintain  an  even  power  load  upon  the 
generating  equipment. 

In  higher  speed  aircraft,  the  rubber  heating  pads  are  subject  to  rain  erosion 
and  hail  damage.  A  metal  overshoe  will  protect  the  pads  and  at  the  same  time 
will  even  out  the  heat  distribution  and  prevent  cold  spots  on  the  surface.  De¬ 
tracting  from  the  overshoe  installation  is  the  loss  in  heater  efficiency  and  the 
added  weight  to  the  aircraft. 

Electrical  thermal  de-icing  may  be  installed  on  the  external  surface  of  a 
propeller  without  appreciably  affecting  its  performance.  Coverage  should  be 
approximately  15  per  cent  of  the  chord  on  the  camber  side  and  approximately 
30  per  cent  of  the  thrust  face.  The  power  to  the  heating  pads  is  supplied  through 
slip-rings  at  the  propeller  hub.  Installation  of  the  heating  element  on  the  in¬ 
terior  of  the  propeller  would  protect  the  heating  elements  from  damage,  but  the 
loss  of  efficiency  and  the  difficulty  of  repair  make  the  external  system  more 
feasible. 

3. 6. 3. 2  Hot  Air  System  Feasibility  —  Several  hot  air  sources  are  available 
for  de-icing,  depending  upon  the  aircraft  type  and  power  extraction  limitations. 
The  hot  air  sources  on  a  piston  engine  aircraft  may  be  an  exhaust  gas  heat 
exchanger  or  a  combustion  heater.  A  combustion  heater  burns  fuel  and,  by 
means  of  a  heat  exchanger,  heats  ram  air  for  the  de-icing  system.  On  turbo¬ 
prop  and  turbojet  aircraft,  the  hot  air  source  may  be  compressor  bleed  air,  a 
combustion  heater,  or  an  exhaust  gas  heat  exchanger. 
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Another  system  requi  rement  is  a  method  of  distributing  this  heat  to  the 
surfaces  to  be  de-iced.  The  more  efficient  method  is  to  use  a  narrow-passage, 
thin,  double-walled  heat  exchanger  (Figure  3-24).  The  hot  air  is  transferred 
to  the  heat  exchanger  by  lightweight  ducts.  This  type  of  system  must  normally 
be  designed  into  the  aircraft  at  its  beginning.  Installation  of  a  hot  air  de-icing 
system  in  an  existing  aircraft  would  require  major  modifications  to  the  first  10 
to  15  per  cent  of  chord.  In  making  a  choice  between  electrical  or  hot  gas  de¬ 
icing  systems,  the  greater  ease  of  installation  of  the  electrical. system  must  be 
weighed  against  the  better  serviceability  and  lower  maintenance  requirements 
of  the  hot  air  system.  The  final  choice  must  depend  upon  the  available  sources 
of  heat  and  the  type  and  location  of  components  requiring  protection.  The  final 
selection  may  be  a  combination  of  the  two  systems.  Because  of  the  large  air 
mass  flows  and  heat  transfer  requirements,  the  cyclic  hot  gas  system  will 
probably  have  application  only  to  large  turbine  engine  aircraft. 

3.7  RESERVE  POWER 

3.7.1  DESCRIPTION  —  Reserve  power  may  be  considered  a  method  of  over¬ 
coming  icing  conditions  because  the  drag  effects  of  ice  accretion  may  be  com¬ 
pensated  for  by  the  aircraft  powerplant  Ice  accretion  affects  thrust,  lift,  drag 
and  weight  of  an  airplane.  What  these  effects  will  be  depends  upon  the  type 
and  amount  of  ice.  Effects  on  range,  stall  speed,  flutter  and  controllability 
must  also  be  considered.  Thes  section  will  present  methods  for  estimating 
and  evaluating  aircraft  performance  with  ice  accretion  in  terns  of  rate  of  climb. 

3.7.2  REQUIREMENTS  —  The  horsepower  required  for  level  flight  of  a  clean 

airplane  is  expressed  as: 

HP^  *  C^qAV  —  550,  horsepower  (3.7.1) 

A  similar  expression  for  an  aircraft  with  ice  accretion  is 

HPr1=e-Cr>iee«AV  -7  550,  horsepower  (3.7.2) 
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where  the  subscript  "ice"  denotes  iced  conditions.  Figures  3  -29  and  3-30  show 
the  lift  and  drag  effects  of  rime  and  glaze  ice  accretion  on  a  paiticular  aircraft. 
The  "standard  indicator"  noted  in  these  figures  is  a  small  diameter  fixed  rod, 

unheated,  with  calibration  markings  to  show  the  amount  of  ice  accumulated  at 
any  given  time. 

Dividing  Eq.  3. 7. 1  by  3. 7.  2  results  in 


HP  /HP  =  C  JC 
r  r.  D 
ice 


D 


ice 


The  ability  of  an  aircraft  to  maintain  level  flight  or  to  climb  with  ice  accre¬ 
tion  is  expressed  as: 

HP  -  HPr, 

_  a  rice 

'kice  “  -  50 
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where  Ct,.  is  the  rate  of  climb  with  ice  accretion  in  ft.  /min. 
“ice 


By  substitution 


/3Dtce| 

HP  -  \~~^)  HP 
ch  * — - — \s.nl — l  550 
”ice  V/ 


(3.7.3) 


To  solve  Eq.  3.7.3,  it  will  be  necessary  to  determine  the  drag  coefficient 

with  ice  (Ctv  ).  First  approximations  of  this  value  can  be  made  from  icing 

ice 

tunnel  tests  or  by  comparison  with  icing  flight  tests  of  similar  type  aircraft. 
Effects  of  icing  on  rate  of  climb  for  a  particular  aircraft  are  presented  i.* 
Figures  3-31  and  3-32.  Another  curve  of  interest  is  Figure  3-33,  which  pre¬ 
sents  velocity  versus  available  horsepower  and  required  horsepower  for  this 
same  aircraft.  This  curve  shows  that  without  ice  protection  on  this  aircraft, 
single-engine  flight  is  not  possible,  and  that  even  with  ice  protection  a  limited 
speed  range  is  available  during  cne-engine  operation.  The  icing  condition 
referred  to  in  this  curve  is  the  more  severe  glaze  ice, 

3.7.3  SYSTEM  FEASIBILITY  —  To  determine  an  aircraft’  s  capabilities 
accurately  during  an  icing  encounter,  icing  wind  tunnel  tests  and  icing  flight 
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teste  should  be  performed.  An  estimate  of  the  effects  of  ice  accretion  can  also 
be  made  from  evaluating  icing  data  from  a  similar  type  aircraft.  A  polar  curve 
for  the  airplane  should  then  be  determined  with  the  lift  and  drag  decrements 
oaused  by  ice.  Aircraft  performance  can  then  be  calculated.  The  effects  on 
flutter,  controllability  and  stall  speed  cannot  be  predicted  and  must  be  obtained 
by  actual  experience.  As  ioing  encounters  and  severity  of  icing  are  difficult  to 
forecast,  an  operator  should  not  depend  upon  marginal  reserve  power  for  ice 
protection  and  fly  into  an  area  where  icing  is  predicted.  If  icing  Is  inadvertently 
encountered,  it  is  advisable  to  know  the  aircraft  capabilities  and  performance 
characteristics  with  ice. 

3.8  MISCELLANEOUS  METHODS  OF  PROTECTION 

Several  methods  of  protection  have  been  devised  —  and  in  some  case  .'  tested 
and  used  —  but  have  not  attained  widespread  use  for  one  reason  or  another. 

Some  of  these  systems  are  described  in  this  paragraph  and  the  limitations  dis¬ 
cussed.  Additional  systems  are  discussed  in  Ref.  3-15. 

3. 8. 1  LIMITED  PROTECTION  SYSTEMS  —  One  limited  protection  system 
consists  of  applying  ice  adhesion  depressant  to  the  surface  to  be  protected.  The 
chemical  does  not  mix  with  the  moisture  to  lower  its  freezing  point,  rather  it 
decreases  the  ice  bond  strength  to  the  surface  so  that  centrifugal  or  aerodynamic 
forces  can  remove  lee  accumulations.  The  chemicals,  primarily  silicone 
based,  must  be  renewed  periodically  whether  lee  has  been  encountered  or  not. 
The  physical  manner  is  which  they  shed  ice  is  by  delamination  of  the  silicone. 
One  such  product  has  been  approved  as  being  equivalent  to  an  electrical  pro¬ 
peller  de-icer  under  the  following  conditions;  It  must  be  renewed  after  48  hours 
of  elapsed  time,  provided  no  pree*  citation  has  been  encountered,  or  after  eight 
hours  of  flying  time  during  which  no  more  than  three  hours  of  precipitation  is 
encountered.  The  chemicals  also  can  be  used  effectively  on  pneumatic  bc-i 
systems  to  assist  in  removing  ice  and  to  reduce  residual  Ice.  (See  Figure  3-34, 
obtained  from  Reference  3-1). 
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Several  test  programs  have  been  conducted  on  other  chemicals  to  test  their 
ice  bond  depressant  properties.  One  such  program  (Ref.  3-16)  tested  organic 
polar  chemicals  and  although  several  of  the  chemicals  did  reduce  the  ice  bond 
appreciably,  none  reduced  the  ice  adhesion  sufficiently  to  Indicate  that  practical 
ice-repellant  compounds  could  be  developed  using  these  organic  polar  chemicale 
as  the  major  active  ingredients. 

Another  chemical  action  tested  as  an  ice  protection  method  is  an  exother¬ 
mic  reaction.  This  method  appears  possible,  but  it  has  an  extremely  short 
protection  duration  and  at  present  has  found  no  practical  application. 

In  addition  to  chemicals,  many  water-repellant  materials  have  been  tested 
with  but  limited  success;  these  include  the  fluorocarbon  compounds  and  others. 

3.8.2  VAPOR  CYCLE  PROTECTION  SYSTEM  -  A  vapor  cycle  protection  sys¬ 
tem  circulates  a  hot  vapor  through  a  ducting  pattern  in  the  protected  surface 
and  uses  the  high  latent  heat  of  condensation  of  the  vapor  to  maintain  the  pro¬ 
tected  surface  above  the  freezing  point.  The  heat  source  for  boiling  the  liquid 
and  forming  the  hot  vapor  is  an  exhaust  gas  heat  exchanger.  The  vapor  circu¬ 
lates  through  the  ducts ,  condenses  and  is  returned  by  gravity  flow  to  the  heat 
exchanger.  The  system  is  a  closed  system  depending  upon  a  leak-tight  network 
to  continue  functioning.  The  pressure  in  the  system  is  the  saturated  vapor 
pressure  at  the  lowest  temperature  in  any  part  of  the  system.  This  pressure 
may  go  as  high  as  250  psig  during  takeoff  on  a  hot  day.  A  line  diagram  of  such 
a  system  is  presented  in  Figure  3-35. 

Some  of  the  salient  disadvantages  are  its  initial  cost  of  installation,  its 
weight  and  its  maintenance  difficulties,  which  have  so  far  ruled  out  any  practi¬ 
cal  application. 
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Figure  3-4 


Bushing  For  Porous  Metal  Flow  Control 

Attaching  Bolt  Spreader  Dam  Tubes 


Figure  3-6.  De-Icing  Fluid  Distribution  Panel. 
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Datum  Temperature  at  Sea  Level 
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Figure  3-8c 
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Datum  Temperature  at  20,000  ft.  —  Temperature  Versus  Airspeed 


Per  cent  Freezing  Point  Depressant  -  By  Weight 


Diagrammatic  Layout  of  Fluid  Ice  Protection  System 
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Figure  3-11.  Variation  of  Fluid  Anti-Icing  Requirement  With  LWC  (Rei.  3-5) 
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Figure  3-12.  Variation  of  Fluid  Anti-Icing  Requirement  With 
Air  Temperature  (Ref.  3-3) 
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Figure  3-13.  Variation  of  Fluid  Anti-Icing  Requirement 
Wttii  Angle  of  Attack  (Ref.  3-5) 
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TYPICAL  ELECTRICALLY  HEATED  PLASTIC  WINDSHIELD 
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Figure  3-15.  Typical  Electrically  Heated  Windshield  Construction  . 
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Typical  Cross-Sections  of  Double-S^in  Gas  Passages  (Ref.  3-10) 
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Figure  3-  13a. 
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Graphical  Solutions  of  Anii-icing  Heat  and  Mass  Transfer 
From  a  Surface  Subject  to  Impingement  and  Heated  -\bove 
Freezing  (Ref.  3-4) 
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Figure  3-18b.  Graphical  Solutions  of  Anti-Icing  Heat  and  Mass  Transfer 
From  a  Surface  Subject  to  Impingement  and  Heated  4.bove 
Freezing  (Ref.  3-4). 
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Heat  Requirements  -  Watts/In 
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Fifure  3-20.  Wtadehield  \ntl-Iciug  Req’dr^mttjte  (Ref.  MIL-T-5842A) 
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SEQUENTIALLY  AND  CYCLICALLY 
HEATED  AREAS  FOR  SHEDDING 
LOCAL  ICE  FORMATION 


\ 


CONTINUOUSLY  HEATED 
CHORDWISE  PARTING  STRIPS 


Figure  3-21.  Arrangement  for  Cyclic  Thermal  De-Icing. 


0.012  Neoprene 
Outer  Layer 


0.003  Glass  doth 

'  "  *  ^  -K  m< -K  K  0.001  Heating  Elements 

0.003  Glass  Cloth 

0.125  Synthetic  Rubber 
Inner  Layer 

NACA  Heater  Construction  I - Aluminum  Skin 

(RM  E51J30)  Maximum  22  watts/ 
sq.  in. ,  Bonded  to  surface 


0.005  Stainless  Steel 
0.012  insulation 
0.003  Ribbon  Heater 
0.012  Insulation 
0.025  Aluminum  Skin 

Typical  Heater  Construction  with 
Metal  Overshoe  -  18-22  watts/ 
sq.  in.  -  Laminated  to  structure 
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0.005  Stainless  Steel 

0.008  Outer  Layer  (Two  0.004  Layers) 
Epoxy  Impregnated  Glass  Cloth 

0.002  Expanded  Metal 
Heating  Element 


Typical  Heater  Construction 
Molded  as  &  Structural  Member  - 
16-20  watts/sq.  in. 


- 0.010  Epoxy  Impregnated 

Glass  Cloth 


Figure  3-22.  Cross-Sections  of  Typical  Electric  Heaters. 
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2  PLVS  0.024  IN. 

0.005  x  1/16  HEATER 

OUTER  PLY  0.024  IN. 

0.005  x  1/16  FABRIC 
SPACERS 


f 

!  Figure  3-23.  Details  of  Construction  of  Electrical  External,  Rubber- 

Clad,  Propeller  Blade  Heaters  (Ref.  3-12). 
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CH0RDW1SEGAS  FLOW  PASSAGES 
(DOUBLE  WALLED  HEAT  EXCHANGER) 


PARTING  STRIP 


SPANWISE  PARTING  STRIP 
HEAT  CONDUCTIVE  FIN 


PLENUM  CHAMBER 
(FLOW  INTO  PLENUM 
REGULATED  BY  A 
/  VALVE) 


DOUBLE  PASSAGE 
SUPPLY  DUCT 


Figure  3-24.  Construction  Details  of  Gas-Heated  Airfoil  for  Cyclic 
De-Icing  (Ref.  3-14). 
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Power  Density  -Watts/Sq,  in 


Surface  Datum  Temperature  -  Deg.  F 

Figure  3-25.  Power  Requirements  for  Parting  Strip  (Airspeed:  175  mph, 
Angle  of  Attack:  2  Deg.)  —  Ref.  3-11. 
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-20  -10  0  10  20  30 

Datum  Temperature  -  Deg.  F 

Figure  3-20.  Heat-On  Time  Versus  Datum  Temperature  xor  Various 
Power  Densities. 
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Datum  Air  Temperature  ■  Deg,  F 


Figure  3-27.  Variation  of  Heating  Rate  With  Datum  Air  Temperature 

(Airspeed:  200  mph.  Heat -Off  Period  4  min  Nominal 
LWC)~  Ref.  3-14. 
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Equivalent—  Continuous  Heating  Requirement  -  1,000  Btu/hr.-ft.  span 


Cycle  Ratio 


Figure  3-28.  Comparison  of  Cyclic  System  With  Continuous  Antl-Ictng 
Systems  (Thermal  —  Hot  Gas)  —  Ref.  3-14. 


3-84 


i 


0  0.04  0.08  0.12  0.16  0.20 

Drag  Coefficient 


Figure  3-29.  Drag  Polars  uf  USSR  IL.-14  During  Glaze 
Ice  Encounier  (Ref.  3-17). 


,)  -  .  ) 


Lift  Coefficient 


*•••• tai 
•  mm«  tkaat  aai 


Rime  Ice,  2,95  in.  on  Standard  Indicator 


MMMMI 


I  laaaaaatai  mauaiai  aiMllla|a}iiMHi 
I  *•■»••••*•  iiiaiiaiM  i a ••••«•••  MaaMaaaa •#••••«•«•  i 
[•aiatiataaialiaaiaaM  (•••taagat  itgaa afMi  i 

haaaaaaaaa  iiaaaaaaaa  atacaagiaa  <aM«aIIa. SiSiiiSiSi  a 
I '•••* !■ J** ■•••• ••••• •aaaaaaaaaiaegataaaa •••■••••• 

I  •■•••••♦••iaaaiaaati  laattaagai  iHta in «•  ••■•tut 

I  ••••• •  •••* ••••■ aaaagaaiif !§«•« ».aai Siaaa 553 

•  *•»•••* - - - 


•  «a  •••*••••■ 

Paul  ••■■••••■!  •••iSiSfele  2mm  «■ 

M*M  •{•••••••«  H««l  MflM  mm3 31 

•••••••••• •«••■ *•••• ■•••••« 


Aircraft  free  of  ice 


«a«{iHaii  »aaa«Ha« 


••*•••••« 


.••••  *■••••*> 
•  »  «•»•»  -  M 


OaMtMfi 


•  •M*  a«ai  aai 

m»  ••••  <«•■• 
••*  <••■'  *•«•■* 


•  ••aaitaaaat««a*  <  •  •« 


•  «••••  *•••••  .Mi 


IMf 
B  ■•« 


•••*•  *M'  «•••••  •••«• 

-  -  .••■(•! 


itV. 


•••••'  «M| 


»••••  M«M  l*HM(Bit  iNaiMMI 
MiatMtaa  MaMiiiaa  iMMBtMi 
•••••  •••••  •••»«  imm  ••••«  aaaaa 

•  Miaaaaai  taaataaiaa  •••••••••• 

•  •••■*••••  •taaatMaa/*aaaaiaaa« 

•  «(••«••••  lataoaua  Hiaaaaaaa 

••••« ■•••■ **••• »•••• taaaa ■  •••■ 

itaaa  taaa*  taaaa  aaau  ••••!"“ 

••••••••••••••• ••••« •••«• 

<*\aaaataa ••••• •  •••• •«•#• 

«••••  »*«•  •••••  Maaa  kaaaa 
•••»■ laaaa ••■•• •«••• aaaaa 
•ataaaMaa  •■■••••■•«  itati 
••••• ••••• ••••• aaaaa aaaaa 

•••••  ••••«  •*■»•• 
aaaaaa itaaa aaaaa 

)••••■«#••  (aaHaljaaa*  m*  mb 
Maiaaiaaa«Maaai»aa«  •••  ■  ••• 
.•••••  •  taaaa  ••*•«. 


Ice  Protection  system  I 
'tm "  in  icing  conditions! 


■  •  at  ••••«  taaaa  tfaaaaaaaa  a 
-bbi  Maaaaaaia  tiaaaaaaiai 


•■•••  iMit^atti 
!••••§ 

■*•••  sum 
^•aaaiaal 
■  Mm  seel 


taatea  aai 

v««atM  ••• 


. aaiaa* 

aaaaa* 


«aa »  aaaaa' 

•••• a 

lata*  «••••• 


"iiirliriffilli! 


••••♦  •••• 
»  M*  «IMN 


•taaMi 
jwaaa  a 
•  •••••  ■ 


•aaiaaiiaa  taaaa  ana*  ■••»  a#aa  itaaa 
(••••••aaa laaaa aaa*  *a»  a ••••  taaaa 

•aiaMMaaiijaaaaa  « a*  taaa*  taajaaa 


I  «BaaaaatMaa*aaaa< 


■••*•  •••••  ••••  *  »•  ••••••• 

MMaiNaa«aa>  a|  ail  namaa 
HMfNtaiaa1  •  **  •••  §  aaaaaaa 


|»*faa 
•aaaa _ 
•••Ml 


HPJ7MHM 


•••••a****  . 

::k:Ss: 

tl#H*f*** 

•aaaa  aaaaa 
aaaaaafaat 

•aamSaat 
(•H«fNai 
•aaaaaaaaa 
«aaaaaaa«* 
aaaaa 
•aaaa  „ . 
aaaalata 
liaiMNi 
*••••  • 

aiaaa a 

BMaati*  aaa 
■-j-9 aaaaa aa  n« 
•aaaaaaaaaaa  *•• 


0.04 


0.03  0.12 

Drag  Coefficient 


0.16 


0.20 


Figure  3-30. 


Dr?*g  Polar*  of  USSR  IL-14  During  Rims?  Ice  Encounter 
(Ref.  3-17). 
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figure  «!  Jl.  Effect  of  Glaze  ice  Encounter  on  Hate  of  Climb  (Kef.  .5  IT) 
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Power  -  Horsepower 


Note;  Lower  half  of  boot  coated*  air  speed  275  mph;  angle  of  attack,  4,6°; 
total  air  temperature,  10*F;  icing  period,  234  se-. 


Figure  3-34.  Effect  of  Coating  to  Reduce  Ice  Adhesion  on  Ice  Remo'&l 
Characteristics  of  Spanwise  Tube  De-Icers  (Rei,  3  1). 


a.  Lower  surface  before  lea  removal 


b„  Lower  surface  after  ice  removal 
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4.1  APPLICATION  TO  LIGHT  AIRCRAFT  (CAR-3) 
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NOMENCLATURE 

Droplet  Radius,  ft. 

Wing  Area,  sq.  ft. 

Projected  windshield  area,  sq.  ft. 

Total  windshield  area,  sq.  ft. 

Chord  length,  ft. 

Drag  coefficient,  dimensionless 

Change  in  drag  coefficient,  dimensionless 

Lift  coefficient,  dimensionless 

Maximum  lift  coefficient,  dimensionless 

Specific  Heat,  BTU  lb.  °F 

Propeller  diameter,  ft. 

Cylinder  diameter,  ft. 

Drag,  lb. 

Droplet  diameter,  microns 
Collection  efficiency,  dimensionless 
Distance  factor,  dimensionless 
Per  cent  glycol  in  water-glycol  mixture 

•> 

Average  external  heat  transfer  coefficient .  BTC  hr.  -ft.  “-J  F 

2 

Convective  heat  transfer  coefficient,  BTl’  hr.  -ft.*"-'  F 
Ratio  of  projected  airfoil  height  to  chord,  dimensionless 
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hp 
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Re,d 
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Inertia  parameter,  dimension  leas 
Modified  inertia  parameter,  dimensionless 
Windshield  height,  ft. 

Lift,  lb. 

Liquid  water  content,  gm/m 
Water  collection  rate,  lb.  /hr.  -aq.  ft. 

Revolutions  per  second 

Ambient  pressure,  in.  Hf 

Power,  horsepower 

Dynamic  pressure,  psf 

Surface  heat  requirements,  BTU/hr.  -aq.  ft. 

Droplet  Reynolds  cumber,  dimensionless 

Imptngemsnt  limit  on  lower  surface,  ratio  to  chord  length 

Impingement  limit  on  upper  surface,  ratio  to  chord  length 

Impingement  limit  (distance  from  zero  chord)  on  lower  surface,  in 

Impingement  limit  (distance  from  taro  chord)  on  upper  surface,  in 

Boundary  layer  temperature .  *  R 

Qas  temperature,  *  F 

Ambient  temperature,  *  F 

Datum  temperature,  *  F 

Surfaoe  temperature,  *  F 

Thrust,  lb. 

Valootty,  mph 
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True  helical  speed  (at  some  point  on  propeller),  fps 
V  Velocity,  fps 

w  Anti-icing  airflow,  lb.  /sec. 

W  Rate  of  water  interception,  lb.  /hr. 

W  Flow  rate  of  anti-icing  fluid,  lb.  hr.  -  sq.  ft. 

Ww  Water  catch,  lb. /hr. -ft.  span 

Local  water  collection  rate ,  lb. /hr.  -  sq.  ft. 
x  Surface  distance  from  stagnation,  ft. 

X  Range,  hr. 

oc  Angle  of  attack,  deg. 

P  Local  collection  efficiency ,  dimensicnless 

13  Local  collection  efficiency  at  stagnation,  dimensionless 

max 

y  AL  density  (at  t^),  lb.  cu.ft. 

n  Propeller  efficiency,  dimensionless 

17  Anti-icing  channel  efficiency,  dimensionless 

c 

A  True  range  of  droplet  as  projectile  injected  into  still  air,  ft. 

A  Range  of  droplet  as  a  projectile  following  Stokes'  law.  ft. 

s 

p  Viscosity,  slugs  ft. -sec. 
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Air  density,  slugs  cu.ft. 


p  Water  density,  slugs  cu.ft. 

w 


~ .  to  r  c  Temperature  terms  (NaC\  TN  2799  -  Ref.  4.1-5),  ’  F 

1  w 
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4.1.1  SUMMARY 


The  inherent  methods  of  affording  Ice  protection  to  light  aircraft  are  illustrated 
in  this  section  for  typical  single-  and  twin-engine  piston  aircraft  and  for  a 
typical  light  jet  aircraft.  Calculations  are  presented  to  show  the  affect  of  ice 
upon  unn-otectea  airframe  components.  Other  calculations  are  presented  to 
illustrate  a  method  for  determining  the  requirements  for  several  different  types 
of  ice  protection  systems  for  the  wings,  empennage,  windshield,  propeller  and 
pitot  tube. 

The  calculation  of  requirements  for  pneumatic  boot  de-icing,  hot  gas  anti- 
icing,  cyclic  electric  de-icing,  and  fluid  anti-icing  systems  are  illustrated  for 
the  wings  and  empennage.  Requirements  for  both  electrical  and  fluid  protec¬ 
tion  systems  are  determined  for  the  windshield  and  propeller.  Requirements 
for  electrical  protection  of  the  pitot  tube  are  also  determined. 

The  effect  of  complete  Installed  ice  protection  systems  on  aircraft  weight 
and  performance  is  also  illustrated  in  this  section.  Ice  protection  system 
weights  and  power  extraction  are  tabulated  in  Paragraph  4. 1.7  for  different 
combinations  of  systems  for  each  of  the  three  typical  aircraft. 

4.1.2  INTRODUCTION 

This  section  Illustrates  the  various  means  of  affording  ice  protection  to  light 
aircraft  and  the  calculation  of  the  different  protection  system  requirements. 
Specific  light  aircraft  chosen  for  study  are  a  typical  twir. -engine  aircraft  ("A"), 
a  typical  single-engine  aircraft  ("B")t  and  a  typical  light  jet  aircraft  ("C"). 

The  effect  of  ice  upon  unprotected  airframe  components  will  be  illustrated 
first  for  the  typical  light  twin  shown  in  Figure  4. 1-1.  The  increase  in  drag  due 
to  ice  (and,  therefore,  loss  of  airspeed  or  necessary  increase  in  power)  can  be 
estimated  using  any  one  of  several  different  sources  in  the  literature.  Flight 
testing  would  be  necessary,  however,  to  demonstrate  the  effect  of  ice  on 
handling  characteristics  before  it  could  be  determined  whether  ice  protection  is 
necessary. 
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la*  protection  systems  will  be  selected  in  this  sexton  for  the  wings,  empen¬ 
nage,  air  inlets,  windshield,  propeller  and  pitot  tube  for  the  typical  aircraft. 
Requirements  for  alterative  systems  will  also  be  shown  for  the  different  com¬ 
ponents,  A  comparison  of  system  weights  and  power  extraction  will  be  made 
for  different  combinations  of  systems  to  illustrate  the  effect  of  the  complete 
installed  ice  protection  system  on  aircraft  weight  and  performance. 

4, 1. 9  EFFECT  OF  ICE  UPON  UNPROTECTED  AIRFRAME  COMPONENTS 

To  assist  in  determining  whether  ice  protection  is  necessary  for  various  air¬ 
frame  components,  calculations  can  be  made  of  the  effect  of  icc  upon  unprotected 
airframe  components  -  as  illustrated  below  for  a  typical  twin-engine  light  plane. 
Thu  estimates  made  of  the  increase  in  drag  due  to  ice  are  representative  only 
of  the  order  of  magnitude.  The  method  shown  may  be  conservative  because  it 
is  based  upon  icing  tunnel  test  results  in  which  special  care  was  taken  to  pre¬ 
vent  the  partial  shedding  of  Ice  that  may  occur  during  actual  flight  Neverthe¬ 
less,  these  calculations  will  provide  an  indication  of  whether  an  iced  airplane 
esn  maintain  airspeed  and  altitude.  But,  before  it  can  he  determined  whether 
ice  protection  is  necessary,  the  effect  of  ice  on  stall  speed,  handling  character¬ 
istics,  and  '  ver  must  be  determined  by  actual  flight  tests. 

There  Is  a  definite  d  r ease  In  the  maximum  lift  coefficient  and  a  conse¬ 
quent  increase  in  the  stall  speed  duo  to  ice.  Therefore,  although  an  iced  air¬ 
plane  can  maintain  cruising  airspeed  and  altitude,  there  ma y  re  danger  of  stall 
during  certain  maneuvers  such  as  the  approach  for  a  landing  when  the  airplane 

is  at  a  higher  angle  of  attack.  Tlw  change  in  the  lift  curve  near  stall  (Cl  ) 

max. 

due  to  ice  is  illustrated  in  Figure  4. 1-2.  This  effect  of  ice  has  been  a  source 
of  accidents. 

The  following  sample  calculations  illustrate  a  method  of  estimating  the 
effect  of  ice  on  unprotected  airframe  components  (assuming  glaze  icc)  for  air¬ 
craft  "A”  Jx>wn  in  Figure  4, 1-1. 
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Twin-Engine  Aircraft  !'A"  (250  hp  per  engine) 

Maximum  gross  weight,  4.800  lb. 

Wing  Area  A,  207  sq.  ft. 

USA  35-B  Airfoil  (12  per  cent  thick) 

205  mph  cruise  at  7,000  ft.  altitude  (75  per  cent  power) 

Ambient  temperature,  t  =  17°  F  (most  probable  icing  temperature  from 

Figure  1-16) 


Dynamic  pressure 
q  =  1/2  fj  V2 

*  1/2  (1.  996  x  10  38lugs/ft.  **) (205  x  1.487  fps)2 
=  90.2  psf 


Aircraft  thrust  at  75  per  cent  power 

T  550 (hp)  7] 

V 

_  550(0.75)(500  hp)(l) 

“  (205)  (1.467)  fps 

=  686  lb. 


Aircraft  drag  coefficient 
D 

Cq  -  (D  =  T  for  steady  state  ievel  flight) 

686  lb. _ 

(90.  2  psf)(207  sq.  ft.) 

=  0.0367 

Aircraft  lift  coefficient 

CT  =  ~A 
L  q  A 

=  4,800  lb. 

(90.2  psf) (207  sq.  ft.) 

=  0.257 


Using  the  water  catch  calculated  in  Paragraph  4. 1. 4  for  a  20 -mi.  encoun¬ 
ter,  the  weight  of  ice  per  foot  of  span  that  will  accumulate  on  the  wing  can  be 
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determined  for  a  200-mi.  distance.  (An  Icing  condition  in  excess  of  200  miles 
is  unlikely,  based  on  the  data  of  Section  1,  Figure  1-12) 
lb.  /ft  span  **  Wjg  (F)  (no.  hours) 


•  0.  92  lb.  /ft.  span  v 

The  distance  factor,  F,  was  obtained  from  Figure  1-28.  Similarly,  the 

weight  of  ice  per  foot  of  span  can  be  determined  for  the  horizontal  stabilizer 

and  vertical  fin. 


The  Increase  in  drag  coefficient,  AC^,  can  then  be  estimated  using  NACA 
TN  3564  (Ref.  4. 1-1  and  shown  in  Figure  4. 1-5)  which  was  based  on  an  NACA 
0011  airfoil  with  cLord  length  of  37. 4  in.  (Other  sources  could  be  used  such  as 
a  Soviet  report,  Reference  4. 1-2;  NACA  TN  1598,  Reference  4. 1-3;  and  various 
other  NACA  publications. ) 

The  following  table  summarizes  the  calculation  of  the  total  drag  increase. 

Lb.  /ft. 


Aircraft 

Component 

scan 

(200-mi. 

diet.) 

ACd 

from 

Fig.  4.1-5 

Avg, 

Chord 

in. 

Surface 

Area  A  Cq 

ft, 2  Correction 

Wings 

0.92 

0.0185 

67 

207 

87  4 

(0.0185)  -  0.0241 

Horis.  8t;b. 

0.621 

0.0130 

37 

37 

87  4  37 

37~  (207^°*  °130)  *  °* 0055 

Vert.  Fin 

0.702 

0.0144 

56 

25 

87  4  25 

—  '  (“HO.  0144)=  0.0027 

Mis©.  (engine 

cowls,  nose,  (Assumed  equal  to  empennage) 

antennas,  etc.)  0.0082 

Total  0. 0405 

The  values  of  AC^  taken  from  Figure  4.1-5  are  corrected  for  chord  length 
and  (for  the  empennage)  multiplied  by  the  ratio  of  surface  areas  as  shown  above. 

Adding  the  total  A  to  the  clean  aircraft  drag  coefficient  gives  the  drag 


T~ 
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coefficient  of  the  iced  airplane: 


^Diced 


0.037  +  0.040  =  0.077 


Aircraft  drag  is  then: 

D=  CDqA 

=  0.077  (90.2  psf) (207  sq.  ft.) 
=  1,440  ib. 


And  since  thrust  equals  drag,  the  power  necessary  to  maintain  cruise  speed 
assuming  10  per  cent  propeller  efficiency  loss  is: 


hp  - 


TV 

550t? 

(1440  lb.)  [ (205) (1.467)  fpsl 
550(0.  9) 


=  874  hp  (175  per  cent  power) 


Since  175  per  cent  power  is  not  available,  of  course,  airspeed  would  be 
reduced  under  the  above  icing  conditions.  The  resultant  airspeed  at  a  cruise 
power  setting  can  be  determined  by  trial  and  error.  Assuming  V  =  150  mph; 
the  new  dynamic  pressure 
150  ^ 

q=  *20?  90-2  =  48'3  psf 


The  new  lift  coefficient 


(0,257)  =:  0,480 


The  icc-free  aircraft  drag  coefficient  is  C  =  0.045,  from  Figure  4. 1-3. 
(This  figure  is  based  on  an  assumed  ice-free  aircraft  drag  polar.)  The  iced 
aircraft  drag  coefficient  is  then: 

C  =  0. 045  +  0.040  =  C.  085 
D 
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The  new  value  of  aircraft  drag  is 
D*CDqA 

-  0.085  (48.3  paf)(207  sq.  ft.) 
»  848  lb. 


Assuming  10  per  cent  propeller  efficiency  loss  due  to  ice,  the  equivalent  power 
TV 


hp 


550 tj 


848  lb,  1  (150X1. 487)  fpsj 
o 50  (0.  9)  r 


377  hp 


8ince  this  is  approximately  equal  to  the  cruise  power  setting  of  375  hp,  the 
correct  airspeed  has  been  chosen.  The  loss  of  airspeed  at  the  cruise  power 
setting  then  is  55  mph  under  the  given  icing  conditions. 


The  cross-sectional  area  of  ice  formed  on  the  wings  can  be  found  using  the 
20-mile  water  catch  (Paragraph  4. 1.4. 1),  the  ice  density,  and  the  distance 
factor,  F,  from  Figure  1-28. 


Ice  cross-sectional  area  *  WM(F)(hr.  )(— 


ice 


_ _  „  ..  _ _ 200  mi.  , .  ft. 

2. 95  lb.  /hr.  -ft.  span  (0. 32)(^J  -ph)(^ 


» 


(144 


in. 

ft. 


*  2.  36  sq.  in. 

(This  answer  tends  to  be  slightly  conservative  because  the  airspeed  will  de¬ 
crease  as  ice  forms.) 

Ice  cross-sectional  area  calculations  for  the  wing  and  tail  are  summarized 
in  the  following  table: 
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Component 

W  (20-mi.) 
lb*,  /hr.  -ft. 
span 

W  (200-mi.) 
lb. /hr.  -ft. 
span 

Ice 

Accretion 
lb.  /ft.  - 
span 

Ice  Cross- 
Sectional  Area 
sq.  in. 

Wing 

2.95 

0.94 

0.92 

2.36 

Horiz.  Stab, 

1.94 

0.637 

0.621 

1.60 

Vert.  Tail 

2.25 

0.720 

0.702 

1.81 

Knowing  the  cross-sectional  area  and  the  impingement  limits  (Paragraph 
4. 1.4. 1),  the  shape  of  the  ice  formation  can  be  estimated  as  shown  in  Figure 
4.1-4. 


The  following  calculations  will  illustrate  th„  effect  of  ice  on  the  same  air¬ 
plane  for  a  hold  condition,  which  may  also  be  a  critical  flight  condition. 

125  mph  hold  at  2,000  ft.  altitude  (for  30  min.) 

Ambient  temperature,  t0  =  23.  5°  F  (most  probable  icing  temperature, 
from  Figure  1-16) 

Droplet  diameter,  Dj  =  20  microns 

3 

Liquid  water  content,  LWC  =  0.  54  gm/m  (from  Figure  1-26) 

Air  density,  p  =  0.00237  slugs/cu.  ft. 

Air  viscosity,  p  =  0.37  x  10  slugs/ft.  -sec. 

Wing  angle  of  attack  =  3  deg. 


Calculations  of  drag  increases  due  to  ice  at  hold  conditions  for  the  wings 
and  empennage  are  summarized  in  the  following  table.  (Detailed  calculation* 
of  water  catch  are  shown  in  Paragraph  4. 1. 4. 1.) 


Horiz. 
Stab.  i 

Vert. 

Fin 

Droplet  Re^ 

77 

77 

77 

A/A  (Figure  2-6) 

0.39 

0.39 

0.39 

Average  chord,  ft. 

5.58 

3.08 

4.37 

Inertia  Parameter,  K 

0.0414 

C. 0749 

0.0528 

Modified  Inertia  Parameter,  K0 

0.0161 

0.0292 

0.0206 

Collection  Efficiency,  (Fig.  2-7) 

0. 10 

0. 17 

0. 135 
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%lng 

Horiz. 

Stab. 

Vert. 

Fin 

Water  Catch  W^,  lb.  /hr.  -ft.  span 

1.52 

1.045 

1. 18 

Lb.  tee/ft.  -span 

0.76 

o.  522 

0.58 

Ice  cross-sectional  area,  sq.  ft. 

1.96 

1.35 

1.52 

ACp  from  Figure  4. 1-5 

0  0155 

0.011 

0.0125 

Corrected  AC_  (see  Cruise  calculations,  p.  4. 1-10) 
D 

0.0202 

0.00465 

0. 0025 

Then  assuming  AC^  for  miscellaneous  components  is  equal  to  AC^  tor  the 
empennage, 


ACntotal "  °* 0202  +  2<0* 00466  *  °‘ 0025) 

-  0.0345 

The  power  necessary  tc  maintain  the  125-mph  speed  can  now  be  determined 

knowing  the  aC  .  First,  the  dynamic  pressure  at  125  mph, 

D 

q-  1/2  p  V2 

■  1/2  £.37  x  10"3  slugs/ft. d)  | <  1 25)  ( 1 . 467)  fps  ] 

»  30.7  pef 

The  coefficient  of  lift 

„  L 

C  ■ - 

L  q  A 

4,800  lb. 

(39.7  psf)(207  sq.ft.) 

-0. 584 

Therefore,  from  Figure  4. 1-3,  the  ice -free  airplane  drag  coefficient  *  0. 051 
and  the  iced  airplane  drag  coefficient 

Cn,  0.051  «•  0.0345 
uiced 

-  0.  0855 
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The  iced  airplane  drag  is  then 


D  *  CDq  A 

=  0.0855  (39.7  psf)(207  sq.  ft.) 

=  702  lb. 

Since  thrust  equals  drag,  the  power  necessary  to  maintain  125  mph  (assum¬ 
ing  10  per  cent  propeller  efficiency  loss)  is 

L  TV 
hp  "  550rj 

_  702  1b.  }(125)  (1.467)  fpsj 

550  (0.9)  ? 

-  260  hp  (52  per  cent) 

Knowing  the  cross-sectional  area  of  ice  formed  and  the  impingement  limits, 
an  estimation  of  the  ice  shape  at  hold  conditions  can  be  made  as  shown  in 
Figure  4. 1-4. 

4. 1.4  STUDY  OF  VARIOUS  ICE  PROTECTION  SYSTEMS  FOR  A  TYPICAL 
TWIN-ENGINE  LIGHT  PLANE 

4. 1.4. 1  SELECTION  OF  ICE  PROTECTION  i?OR  WING  AND  EMPENNAGE  - 
In  selection  of  ice  protection  for  light  airplanes,  the  wings  and  empennage  will 
be  treated  together  since  they  would  have  the  game  type  system.  The  water 
catch  and  impingement  limits  are  calculated  first  to  determine  the  extent  pro¬ 
tection  is  necessary.  This  is  illustrated  by  the  following  sample  calculations 
for  the  wing  of  twin-engine  aircraft  "A"  sho’vn  ir.  Figure  4. 1-1: 

Calculation  of  Impingement  Limits  and  Water  Catch 

Wing  -  twin-engine  aircraft  "A" 

Gross  weight,  4,800  lb. 

USA  35-B  airfoil  (12  per  cent  thick) 

Wing  area,  A  *  207  sq.  ft. 

Chord  length,  C  =  67  in. 
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i 


205  mph  cruise  at  7,000  ft.  altitude  (75  per  cent  power) 

Ambient  temperature,  t  ■  17#  F  (most  probable  icing  temperature  from 

°  Figure  1-16) 

Droplet  diameter,  *  20  microns 

Liquid  water  content,  LWC  »  0.46  gm/m3  (Figure  1-26) 

Air  density,  p  *  0. 001996  slugs/cu.  ft. 

-6 

Air  viscosity,  p  ■  0. 36  x  10  slugs/ft.  -sec. 

Dynamic  pressure,  q  =  90.2  psf  (from  page  4, 1-9) 

Lift  coefficient,  CL  =  0.  257  (from  page  4.1-9) 

The  angle  of  attack  can  then  be  estimated  from  a  C  versus  a  curve  (Figure 
4. 1-2)  for  the  given  airfoil 

a  *  -1. 7* 

Droplet  Reynolds  Number 


-6 

(0. 36  x  10  slugs /ft.  -sec. ) 

*  109 

X/X  •  0.342  (From  Figure  2-6) 

0 


(This  formula  is  equivalent  to  that 
of  Section  2.) 


(0.  36  x  10  ^  slugs/ft.  -sec.  ,»(5.  584  ft. ) 


»  0.0695 
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Modified  inertia  parameter 


K  =  K(A/A  ) 
o  s 

«=  0.0695  (0.342) 

«  0.9238 

The  ratio  of  projected  airfoii  height  to  chord 

h  C=  0. 1225  tat  a  =  -1.7° ),  based  on  measured  values  for  USA  35-B  airfoil 

Collection  efficiency  can  be  obtained  from  Figure  2-7  for  a  12  per  cent 
Joukowski  airfoil  at  a  zero-deg.  angle  of  attack 

Ew  =  0. 135 
M 

Water  catch 

W  =  0.329  (U  ) (I-W C) (h/C) (C) (E  ) 

Mo  M 

=  0.329  (205  mph)(0. 46  gm  m3)(0. 1225)(5.  584  ft.  )(0. 135) 

-  2.  95  lb.  /hr.  -ft.  span 

The  limits  of  impingement  can  be  found  from  Figures  2-15  and  2-16  using 
a  15  per  cent  Joukowski  airfoil  at  q  =  2  deg.  to  represent  the  USA  35-B  airfoil 
a  ot  -  -1.6  deg.  The  Joukowski  airfoil  was  used  because  of  the  profile  simi¬ 
larity  to  the  USA  35-B  airfoil  for  which  no  data  was  available.  See  Paragraph 
2.  3.4  for  an  explanation  of  airfoil  matching  procedures. 

SIT  =  0.04  SL  =  0.02 

su  =  2.7  in.  s  l  =1.3  in. 

(These  values  a-e  not  typical  of  other  classes  of  airfoils;  more  commonly, 
impingement  limits  are  greater  on  the  lower  surface.) 

Figure  4.  1-6  shows  impingement  limits  versus  span  for  the  wing  at  both 
20  and  40-micron  drop  sizes.  Similar  calculations  of  water  c3tch  and  impinge¬ 
ment  limits  can  be  made  for  the  horizontal  stabilizer  and  vertical  fin.  Results 
of  these  calculations  for  the  sam.e  airplane  are  shown  in  Figures  4.  1-7  and  4.  1-8. 
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The  determination  of  local  water  collection  rate,  W  .  Is  illustrated  for 

p 

the  wing  of  the  aame  airplane  by  the  following  calculations. 

Calculation  of  Local  Water  Collection  Rate 

205  mpfe  cruise  at  7,000  ft.  altitude 

Droplet  dlumeter,  D ,  -  20  microns 

d  .  3 

Liquid  water  oontent,  LWC  ■  0.46  gm.'m  (from  Figure  1-26) 

Modified  inert* *  parameter,  «  0.0236  (from  above) 

At  the  stagnation  point,  the  local  collection  efficiency 

0  •  0.46  (from  NACA  TN  3839,  Ref.  4. 1-4) 
using  the  15  per  cent  Jookowskl  airfoil  at  2-deg.  angle  of  attack  to  approximate 
the  USA  35-B  airfoil  at  -1. 6  deg. 

Local  water  collection  rate,  therefore,  is: 

W  •  0.3290  (U  )(LWC) 

0  o 

-  0.329  (0.46) (205  mf*)(0.48  gm/m3) 

*  14. 51  lb.  /hr.  -sq.  ft. 

Values  of  local  collection  rate  can  also  be  found  for  different  chordwlse 
locations  on  the  airfoil  and,  therefore,  the  local  water  collection  rate  can  be 
found  and  plotted  versus  distance  from  zero  chord  as  shown  in  Figure  4. 1-9 
for  the  wing.  Curves  for  both  20  and  40-micron  drop  sizes  are  shown.  Figures 
4. 1-10  and  4. 1-11  present  the  results  of  similar  calculations  made  for  the 
horizontal  stabilizer  and  vertical  fin. 

The  40 -micron  curves  shown  in  these  figures  are  normally  used  to  deter¬ 
mine  the  necessary  chordwtee  extent  of  ice  protection.  Although  it  is  cot 
necessary  to  protec*  entirely  the  40-micron  limits  of  impingement,  protection 
usually  is  extended  to  between  the  20  and  40-micron  limits,  where  only  s  small 
amount  of  ioe  would  remain  **yood  the  protected  area. 
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For  example,  for  this  typica*  twin-engine  aircraft,  It  appears  that  Ice  pro¬ 
tection  should  extend  about  six  Inches  from  aero  chord  on  the  upper  surface 
and  four  inrhes  on  tho  low*»r  surface  of  the  wings,  and  about  2 .  o  Inches  from 
zero  chord  on  both  surfaces  of  the  ht  rlzontal  stabilizer  and  vertical  fin.  The 
final  choice  of  ..,*ea  protected  is,  of  course,  the  prerogative  of  the  designer 
and  *nav  depend  on  spar  location  and/or  various  other  factors. 

Requirements  for  Pneumatic  De-Icing 

Baspd  on  the  above  impingement  calculations,  the  coverage  required  for  a 
pneumatic  de-icing  system  can  be  determined  for  aircraft  "A.  "  For  each  wing 
an  area  nine  ft.  from  the  engine  nacelle  to  the  wing  tip  can  be  covered,  and 
the  chordwise  extent  should  be  six  in.  (wrap-around)  from  zero  chord  on  the 
upper  surface  and  four  inches  on  the  lower  surface.  (For  many  aircraft,  the 
coverage  needed  will  be  greater  on  the  lower  surface  than  the  upper,  because 
the  wing  flies  at  a  positive  angle  of  attack.  An  analysis  should  be  made  for  any 
new  aircraft  to  determine  the  appropriate  coverage. )  Protection  Is  probably 
not  necessary  on  the  Inboard  portion  of  the  wings.  Ice  accretlcn  in  this  area 
usually  does  not  affect  stall  speeds,  although  it  does  increase  aircraft  drag. 

The  horizontal  stabilizer  can  be  covered  with  two  5.  5— ft.  sections  having  a 
chordwise  extent  of  2. 5  in.  (wrap-around)  from  zero  chord  on  both  upper  and 
lower  surfaces.  The  vertical  fin  can  be  protected  with  a  six-ft.  long  area  with 
a  chordwise  extent  of  2.5  in.  on  both  surfaces. 

The  nine-ft.  length  covered  on  each  wing  could  be  divided  into  two  separate 
de-icers,  making  a  total  of  seven  different  de-icers.  The  inflatable  tubes  in 
these  boots  should  be  spanwiee,  rather  than  chordwise.  From  a  cost  and  instal¬ 
lation  viewpoint,  spar.wise  tubes  have  been  found  to  be  more  desirable  than 
chordwise  tubes  when  the  wrap-around  distance  is  less  than  12  in.  The  tubes 
should  be  inflated  to  15  to  18  psig  by  an  engine-driven  pressure  pump.  A  slight 
suction  (approximately  4  in.  Hg)  is  normally  applied  to  deflate  the  tubes  when 
not  in  use. 
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Pneumatic  de-icers  may  be  cycled  manually  by  the  pilot  or  automatically 
with  9  timing  da  vice.  Inflation  times  are  normally  from  three  to  five  seconds; 
the  de-ioers  can  be  inflated  either  alternately  or  simultaneously.  Each  indi¬ 
vidual  de-ioer  should  be  inflated  onoe  every  one  to  three  minutes. 

An  estimate  of  the  pneumatic  de-icing  system  weight  for  the  typical  twin- 
engine  aircraft  can  be  made  as  follows: 

De-ioers  (0. 7  lb.  /ft.  2)(28  ft.  *)  *20  lb. 

Mechanical  equipment  (pumps. 

valves,  lines,  etc.)  *  20  lb. 

Total  40  lb. 

(The  de-icer  area  shown  includes  a  tapered  edge  extending  beyond  the  protected 

area.) 

A  line  diagram  of  this  typical  pneumatic  de-icing  system  is  shuwn  in  Figure 
4. 1-12.  See  Paragraph  3. 3  for  a  further  description  of  this  method  of  protection. 

Requirements  for  Hot  Gas  Anti-Icing 

Hot  gas  anti-icing  systems  use  several  sources  of  hot  gas.  Direct  exhaust -gas 
heat  exchanger,  combustion  beater,  and  vapor  cycle  systems  have  been  used 
(see  Paragraph  3.5).  However,  hot  gas  systems  are  not  generally  suitable  for 
light  aircraft  and  are  not  likely  to  be  used  because  of  their  high  weights  and 
costly  installation.  ’Add-on"  type  systems  are  more  desirable  for  light  air¬ 
craft  because  they  are  lees  costly  to  install. 

Newrthsleas,  for  completeness  of  this  report,  emulations  of  hot  gas 
system  beat  and  airflow  requirements  are  illustrated  below  for  the  wing  and 
tail  of  aircraft  "A."  Results  are  shown  for  both  evaporative  and  running-wet 
systems;  however,  small  aircraft  anti -icing  systems  are  seldom  designee'  to 
be  completely  evaporative. 

Wing  of  typical  light  twin  (Aircraft  "A") 

105  mph  cruise  at  7,000  ft.  altitude 
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Ambient  temperature,  t  =  2u#  F  (conventional  design  point) 

o 

Ambient  pressure,  p  =  23.  i  in.  Hg 

2 

Average  surface  heat  transfer  coefficient,  h  *  27.  5  BTU/br.  -ft,  -  F 
(determined  graphically  as  described  in  Paragraph  3.5  and  Figure  3~I9) 

Water  catch,  W..  =  2.  95  lb.  /hr.  -ft.  span  (calculated  above) 

M 

Average  wrap-around  distance  =  15  in.  (heated  area  extends  to  front 
spar  -  10  per  cent  chord) 

Heated  area/ft,  span  =  1.25  sq,  ft. 

Water  impingement  rate,  M  =  — -  — -  - 

1.  25  ft.  /ft.  span 

*=  2.36  lb.  Ar.  ft. 

Using  the  method  of  NACA  TN  2799  (Ref,  4. 1-5)  described  in  Paragraph  3.5, 
for  an  evaporative  system 

2.38  lb, /hr,  ft.2 _ 

27.  5  BTU/hr,  -ft.  2 -  F 
=  0.0858 

*  11.  3°  F  (from  Figure  3-18) 

r3  =  1,066  (VV+T4 

*  1,066  (0.0858)  +  11.3 
=  102.  7°  F 

Therefore,  t  -  74. 5°  F  (from  Figure  3-18) 
s 

t  -  t  =  54.  5®  F 

8  O 

r  *  59.  5°  F  (from  Figure  3-18) 
r  -  7°  F  (from  Figure  3-18) 

t  *  0°  F  (assuming  local  static  pressure  equal  to  freestream  pressure  - 
Figure  3-18) 
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Surface  heal  requirements 


Q"  VWT3 


VV 


(2?.  5  BTU/hr.  -ft.  2-  F)(59. 5  -  7  +  ±02.7  -  11.3  +  0)*  F 


»  27. 5  (143. 9) 

-  3, 960  BTU/hr.  -ft. 2  (see  Figure  4. 1-13) 
or  4,950  BTU/hr.  -ft.  span 
or  89,000  BTU/hr.  (for  18  ft.  of  span) 


The  required  arti-icing  airflow  can  be  estimated  using  the  equation: 


w«  Q/C  (t  -  t  )  * 

p  g  a  c 

In  which  the  channel  efficiency,  v  ,  will  normally  be  *rom  0.5  to  0. 8  depending 

c 

upon  the  chordwise  channel  length  and  on  whether  the  system  .z  a  high  or  low- 
pressure  system.  A  method  for  calculating  the  chaunJ  efficiency  can  be  found 
in  Appendix  E  of  NACA  TN  2866  (Ref.  4. 1-6). 


Assume  gas  temperature,  t  *  350*  F 

Specific  heat  of  air  at  350*  F,  C  -  0. 244  BTU/ib.  -•  F 

P 

The  required  anti-icing  airflow  for  a  low  pressure  system  with  a  relatively 

short  channel  length  (assuming  v  9  0.5)  would  be; 

c 


_ 89,000  BTU/hr. _ 

"  (0. 244  BTU/lb.  -*  F) (350-74. 5\F)(0.  5)(3, 600  sec.  /hr. ) 

■  0.73  lb.  /sec. 


If  tor  system  were  a  high  pressure  system,  the  channel  efficiency  would  more 
likely  be  0. 6  and  the  anti-icing  airflow  required  would  be: 

-  . _ &Lm _ 

(0. 244)  (350-74. 5)(0. 8)(3 . 600) 

•  0.46  lb.  /sec. 


(A  channel  efficiency  of  r?  *  0. 5  is  probably  the  better  assumption  for  light 
aircraft.) 
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The  foregoing  calculation?  of  heat  and  airflow  requirements  are  for  an 

entirely  evaporative  system.  To  determine  the  requirements  for  a  "running- 

wet”  system,  the  ambient  temperature,  to>  should  be  taken  as  0*F  and  the 

surface  temperature,  tg,  should  be  assumed  equal  to  about  35*  F.  (The  run- 

back  can  be  tolerated  at  this  surface  temperature  for  a  relatively  short  duration 

of  icing.)  The  r  for  the  running-wot  system  then  should  be  found  using  f  igure 
o 

3-13  rather  than  solving  for  it  as  described  above: 
r  -  24. 5*  F 

O 

T  «  4.  5*  F 

4 

r  -  38. 3*  F 
T  «  V  F 

r  »  0°  F 

5 


Therefore,  the  surface  heat  requirements  for  a  running-wet  system, 

Q  =  VW  V  W 

-  (27.  5  BTU/lir.  -ft.  2  -*  F)  (58. 3  -  7  +  24.  5  -  4. 5  +  0)  *  F 
=  1,410  BTUAr.-tt.2 

or  1,  765  BTU/hr.  -ft.  s;>an 
or  31,800  BrU/'hr.  (for  18  ft.  of  spun) 

The  anti-icing  airflow  requirements  then  are: 


w 


Q/Cft  -  t  )  t) 
P  g  S 


c 


_ 31,eoO  BTU/hr. _ 

(0.244  BTU/lb.  F) (3j0-t5°  F)(0. 5) (3, COO  sec. /hr.) 

0. 23  lb.  /see. 


Results  of  both  evaporative  and  running  wet  surface  heat  requirement 
calculations  made  for  the  wing,  horizontal  stabilizer  and  vertical  fin  of  aircraft 
"A"  are  shown  in  Figures  4.1-13,  4.1-14,  and  4.1-15. 
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Requirement*  for  Cyclic  Electrical  De-Icing 

With  cyclic  electrical  de-icing  systems,  continuously  heated  parting  strips 
divide  the  ice  buildup  into  portions  which  will  shed  more  easily  (with  the  help  of 
aerodynamic  forces)  when  power  is  applied  to  the  cycled  areas.  Parting  strips, 
which  are  normally  one  inch  wide ,  should  be  laid  out  in  a  s panwise  direction 
on  the  leading  edge  (at  stagnation)  when  the  sweep  angle  is  less  than  30  deg. 
Cbordwiee  parting  stripe  are  used  when  the  sweep  angle  is  more  than  30  deg. 

The  protected  area  is  divided  into  a  number  of  smaller  (cycled)  areas  which 
receive  power  alternately  to  minimise  the  total  power  required.  A  normal 
total  cycled  time  is  about  three  minuses.  That  is,  each  cycled  area  receives 
power  once  every  three  minutes.  (See  Paragraph  3. 6. 1. 1  for  more  details  on 
cyclic  electrical  de-icing  systems.) 

Cycled  area  power  requirements: 

Assuming  a  heat-on  time  of  20  sec.  and  tQ  *  0°  F,  the  datum  temperature,  t 
is  about  5*  F  (from  Figure  3-8).  The  input  power  density  then  is  approximately 
12  watte/eq.  in.  from  Figure  3-26,  which  was  taken  from  NACA  RM  E51J30 
(Ref.  4. 1-7).  An  ambient  temperature  of  0*  F  was  chosen  as  representative  of 
the  probable  minimum  icing  temperature  that  would  be  encountered  by  a  light 
aircraft  operating  at  low  altitude.  Power  requirements  for  a  cyclic  electric 
system  are  at  a  maximum  at  minimum  ambient  temperature  (for  a  given  airspeed). 

Parting  strip  power  requirements  for  the  wing  of  Aircraft  "A": 

205-mph  cruise  at  7,000  ft.  altitude 

Ambient  temperature,  t  »  0*  F  (normal  design  point) 

®  g 

Liquid  water  content,  LWC  *  0. 25  gm/m  'from  Figure  1-26) 

Modified  inertia  parameter,  K  «  0.0238  (calculated  previously) 

o 

Local  collection  efficiency  at  stagnation,  p  -  0.48  (calculated  previously) 

max 

Local  collection  rate  at  stagnation  therefore  is: 
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W  «  0.329  (U  )(LWC)p 
il  o  max 

3 

■  0.329  (205  mph)(0. 25  gm/m  )(0.46) 

■  7.75  lb.  /hr.  -sq.  ft. 


Average  surface  heat  transfer  coefficient, 

2 

h  ■  28. 3  BTU/hr.  -ft.  -*  F  (determined  graphically  as  described  in 

Paragraph  3. 5) 

U^ing  the  method  of  NACA  TN  2799  (Ref.  4. 1-5): 


W  /h 
p  a 


7.75  lb.  /hr.  -ft.  2 


0.274 


28.3  BTU/hr. -ft.  -•  F 
Assuming  the  surface  temperature,  t  =  35*  F,  t  through  t  can  be  found  from 

B  1  t> 

Figure  3-18: 


r  *  45*  F 
r0  «  7°  F 
r  =  24. 5* F 

O 

t  «  4.  5°  F 

4 

t  —  0°  F  (assuming  local  static  pressure  equal  to  freestream  pressure) 

5 


Surface  heat  requirements 


V71-T2* 


T3  ‘  T4  *  T5> 


«  (28.3  BTU/hr.  -ft.2-*  F)(45  -  7.0  +  24.5-4.5+  0)*F 
*  1.640  BTU/hr. -ft. 2 


or  3.33  watts/sq.  in. 


Actual  heater  input  power  requirements  will  be  approximately  Q/0.6  or  5.  5 
watts/ sq.  in.  assuming  60  per  cent  of  the  input  heat  would  be  transferred  to  the 
outer  surface.  The  60  per  cent  efficiency  appears  to  be  a  good  number  based 
on  previous  experience  (see  NACA  RM  E5U30  -  Ref.  4.1-7). 
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t 

f 


Parting  strip  power  requirements  calculated  lor  the  wing,  horizontal  stabi¬ 
lizer,  and  vertical  fin  are  shown  versus  span  in  Figures  4.  1-16,  4. 1-17,  and 
4. 1-18.  An  8-watts/sq.  in.  power  density  should  be  used  for  the  parting  strips 
on  both  wing  and  tail  because  of  the  larger  requirements  for  the  empennage  (if  it 
is  desirable  tc  maintain  all  parting  strips  at  uniform  power  density  for  simplicity 
in  manufacturing). 


Total  powar  for  the  nine  sections  shown  in  Figure  4, 1-19  for  a  20-second 

heat-on  time  is  determined  as  follows; 

„  .  ,  (300  sq.  in. ){12  watts/  sq.  in.)  „ 

Cycled  area  power  * - — — ^ x  *  3. 6  kw 

1 » 000 


Parting  strip  power 


(404  sq  in. K8  watts/ sq.  in.) 

1,000 

Total  Power 


3.2  kw 
6.8  kw 


For  18  sections  at  a  10-sec.  heat-on  time,  the  total  power  would  be: 

-  .  .  (144  sq.  in.  >(16  watts/sq.  in.) 

Cycled  area  power  ■ - — - u  *  z.  3  kw 

1,000 


Parting  strip  power 


(404  sq.  in.) (8  watts/sq.  in.)  ^ 

1,000 

Total  Power  * 


3.  2  kw 
5.  5  kw 


The  largest  cycled  rxea  was  used  in  finding  the  cycled  area  pow*»r.  The 
total  power  required  is  plotted  In  Figure  4. 1-20  versus  ambient  temperature 
for  both  nine  and  eighteen  sections.  Although  the  power  requirements  are  less 
for  the  eighteen  sect  tons,  the  weight  and  cost  of  the  system  would  be  greater 
because  of  more  individual  sections,  more  wiring,  relays,  etc 

The  weight  of  a  cyclic  electric  system  for  the  wing  and  taii  of  a  typical 

light  twin  would  be  about  60  lb. 

Requirements  for  Fluid  Anti -icing 

Using  an  anti  icing  fluid  made  up  of  50  per  cent  ethylene  glycoi  and  50  pe**  cent 
water,  the  m,xture  of  impinging  water  and  anti- icing  fluid  that  will  depress  the 
freezing  point  to  F  is  35  per  cent  glycol  by  weight  according  to  Figure  3-9. 
(Fluid  systems  are  normally  designed  tc  0*  F. ) 
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V.  ,-.«w "r  *  1 

The  amount  of  anti-icing  fluid  necessary  can  be  found  from  the  equation: 

_  2GMW 
"  F  100  -  2G 

where  G  is  the  percentage  by  weight  of  glycol.  For  the  wings  of  aircraft  "A,  ” 
the  water  eaten  based  on  a  200-mi.  icing  encounter  is  =  0. 94  lb.  Ar.  -ft. 
span  as  calculated  in  Paragraph  4. 1.  3.  For  a  10-in.  wrap-around  extent  of 
px  otection,  the  water  collection  rate  would  then  ba: 

0. 94  lb.  Ar.  -ft.  span 
\7  (10/12)  sq.  ft.  /ft.  span 

«  1. 13  lb.  /hr.  -sq.  ft 

Therefore,  the  amount  of  anti-icing  fluid  necessary  for  the  wings  would  be 

^  2(35X1.13  lb.  Ar.-sq.  ft.) 

WF  *  100  -  2(35) 

*  2.63  lb.  /hr.  -sq.  ft. 

For  15  sq.  ft.  of  wing  surface  (two  nine-ft.  sections),  the  total  fluid  required 
would  be 

(2. 63  lb.  Ar, -sq.  ft.)(15sq.  ft.)  *=  39.  *•  lb. /hr. 

and  for  a  one-hour  icing  encounter  (200  ml.),  iie  tank  capacity  necessary  would 
be  (39.5  lb./hr.)(l  hr.)  =  39.5  lb. 

Fluid  anti-icing  system  requirements  for  the  wings  and  empennage  of 
aircraft  "A”  are  summarized  in  the  following  table: 

wM(200mi.),  M  ,  W  ,  Protected  Total  Tank 

- lb. -  -sq.  fL  _ iki.  lb.  Area,  Fluid  Capacity, 

hr.  ft.  span  ft. span  hr.  Bq.ft.  hr.  sq.  ft.  sq.ft.  lb. /hr.  lb. 


Wings 

0.94 

0.862 

1. 13 

2.63 

15 

39.5 

39.5 

Horiz.  Stab. 

C.  637 

0.417 

1.57 

3.5? 

4.6 

16 

16 

Vert.  Fin 

0.720 

0.417 

1.73 

4.03 

2.5 

10 

10 
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These  amounts  of  fluids  should  be  increased  by  a  factor  based  on  experience  or 
specific  test  results  to  account  for  non-uniform  distribution  (as  discussed  in 
Paragraph  3.4.2  and  shown  in  Figures  3-11  and  3-12). 

Fluid  de-icing  systems  have  been  put  into  use  (see  Paragraph  3.  4).  This 
type  of  system  would  require  a  considerably  smaller  amount  of  fluid  —  possibly 
one-fifth  of  that  required  for  anti-icing. 

4. 1. 4. 2  SELECTION  OF  ICE  PROTECTION  FOR  WINDSHIELD 


Requirements  for  Electrical  Anti-Icing 

The  following  calculations  illustrate  a  method  of  determining  water  catch  and 
anti-icfng  heat  requirements  for  an  inclined  windshield.  Water  catch  can  be 
found  by  treating  the  windshield  as  a  "rectangular  half  body"  using  the  method 
of  NACA  TN  3658  (Ref.  4. 1-8). 

Twin-engine  aircraft  "A" 

205-mph  cruise  at  7,  000  ft.  altitude  (300  fps) 

Droplet  radius,  a  =  10  microns  (3.  28  x  10~®  ft.  /micron) 

Ambient  temperature,  tQ  =  0*  F  (conventional  design  point) 

Liquid  water  content,  LWC  =  0.  25  gm/m3 

Air  density,  p  *  0.00207  slugs 'cu. ft. 

-6 

Air  viscosity,  p  =  0.36  x  10  slugs/cu.ft. 

Windshield  area  =  7.  5  sq.  ft. 

Windshield  height,  l  *  0.875  ft. 

Projected  windshield  area.  A^  »  3.6  sq.  ft. 

Droplet  Reynolds  number 

„  2  a  p  V 

Re  * 
d  p 

~6 

2(10  microns)(3.  28  x  10  ft. /micron) (0. 00207  siugs/cu.  ft.  )(300  fps) 

~6 

(0.36x10  slugs/ft. -see.) 


»  113 
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Inertia  parameter 

2,,  a2V 

K  =  — — 

9/i  i 

2  —6  2 

2(1.  935  slugs/cu.  ft.  )(1Q  microns)  (3.28x10  ft. /micron)  (300  fps) 

9(0.36  x  10  6  slugs/ft.  -sec.)(0. 875  ft.) 

*  0.44 

Then  from  Figure  5  of  NACA  TN  3658  (Ref.  4. 1-3)  the  collection  efficiency, 

=  0.  07.  (This  could  also  be  found  by  the  KQ  method  illustrated  in  Paragraph 
4. 1.4. 1  for  the  wings  and  tail.  Collection  efficiency  can  be  found  versus  K 

o 

for  a  semi-infinite  rectangle  in  Figure  2-13.) 

Rate  of  water  interception 

W  =  0.33  Em  (Ap)(LWC)(Uo) 

=  0.33  (0.07)(3.6  sq.  ft. ) (0.  25  gm/m3)(205  mph) 

-=4.26  lb.  /hr. 

Water  collection  rate 

„  _  4,26  lb.  /hr. 

W  7.5  sq.  ft. 

=  0.  57  lb.  /hr.  sq.  ft. 


The  convective  heat  transfer  coefficient,  assuming  a  flat  plate,  can  be 
found  from  this  equation  extracted  from  SAE  24  (Ref.  4.1-9): 


h 

c 


0.51 


.0- 3  0.8 

tf  (Vy) 

0.  2 


x 

where  tf  is  the  boundary  layer  temperature  in  deg.  R;  where 
the  distance  In  feet  from  the  airplane  nose  (this  would  be  the 
windshield);  and  y  is  density  of  air  in  lb.  /ru.  ft. 


x,  in  this  case,  is 
case  for  an  inclined 


h 

c 


.0.3 


O.b 


0.  51(465°  R)  '  ,  (300  fpsKO.  667  lb.  /cu.  ft. ) 


(8  ft.) 


0.2 


23.  a  BTU/hr.-sq.  ft. -°  F 
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Then  using  the  method  of  NACA  TN  2799  (Ref.  4. 1-5}: 


0. 57  lb.  /hr.  -sq.  ft. 

23.4  BTU/hr. -  sq.  ft.  -s  F 


-  0.0243 


From  Figure  3-18  assuming  the  surface  temperature  t  «  3b5  F, 

6 

r  *  36. 3  *  F 
t  *  7*  F 

da 

7  *  24.  5®  F 

r  »  4. 6*  F 
4 


»«  0s  F 


The  surface  heat  requirement 


Q“  hc  (V  7  2  * 


T4  +  V 


■  (23.4  BTU/hr.  -aq.  ft.  F)<38. 3  ~  7  +  24. 5  -  4.  5  +  «)*  V 
*  1,154  BTU/hr,  -sq.  ft. 
or  2. 34  watts/sq.  in. 


Values  of  power  required  are  shown  plotted  voi  sus  ambient  temperature 
in  Figure  4. 1.  21.  For  comparison,  results  are  also  showr  for  a  nearly  vertical 
windshield,  where  heat  transfer  coefficient  is  bas^d  on  the  distance,  x.  from  the 
base  of  the  windshield.  Using  the  distance  from  die  windshield  base  <s  more 
correct  when  the  windshield  is  near  vertical  (because  of  development  of  a  new 
boundary  layer),  while  the  distance  from  the  airplane  nose  Is  normally  used  for 
windshields  slanted  oack  at  a  greater  angle  Power  requirements  for  most  wind¬ 
shields  will  lie  between  the  two  curves  of  Figure  4.  1-21. 

The  total  power  required  to  protect  tv/ o  18' in.  square  sections  of  the 

windshield  of  aircraft  ’A”  at  t  *  0*F,  than,  would  lx? 

o 

(2,34  watt'V'sq.  in. ) (648  sq,  in,}  ,  , 
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Requirements  lor  Fluid  Anti-Icing 

The  mixture  of  impinging  water  and  50  per  cent  ethylene  glycol  anti-icing  fluid 
that  will  depress  the  freezing  point  to  0*  F  is  35  per  cent  glycol  by  weight, 
according  to  Figure  3-9. 

The  flow  rate  of  anti-icing  fluid  necessary  can  be  found  from  this  equation: 

2GMw 

WF  "  100  -  2G 

=  2(35) (0. 57  lb. /hr.  -sq.  ft.) 

100  -  2(35) 

*  1. 33  lb.  /hr.  -sq.  ft. 

For  two  18 -in.  square  sections  of  windshield,  the  total  fluid  required  is 
(1.33  lb. /hr.  -sq.  ft.)(4.5sq.  ft.)*  6.0  1b. /hr. 

And  for  a  one -hour  duration,  the  tank  capacity  required  would  be: 

(6  lb./hr.)(l  hr.)  *  6  lb.  of  fluid 

The  windshield  fluid  system  flow'  rate  and  tank  capacity  required  by  military 
specifications  (MIL-S-662"A  -  Ref.  4. 1-10)  are  presented  below.  These  values 
are  not  necessarily  applicable  to  light  aircraft  unless,  of  course,  they  are  to 
be  used  as  military  aircraft. 

The  military  specification  requirements  for  tank  capacity  would  be: 

0.7  A  X 
w 

g  12 - 

_  0.7(7.5sq.  ft.)(5hr.) 

12 

*  2.19 

or  ~  18  lb. 

The  military  specification  also  requires  a  flow  rate  of  two  quarts  of  fluid 
per  square  foot  of  two-thirdc  the  windshield  area  per  hour: 
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«•- 


(2  qt.  /sq.  ft.  -hr,  )(7 , 5  ft.  ){2/3)  *  10  qt. /hr. 

«  2, 5  gal.  /hr. 
or  ~  21  lb.  /hr. 


4. 1. 4.  3  SELECTION  OF  ICE  PROTECTION  FOR  PROPELLERS 
Requirements  for  Electrical  Protection 

Electrical  protection  for  propellers  is  normally  cyclic  de-icing.  For  twin- 
engine  aircraft,  power  could  be  applied  to  either  one  or  both  propellers  at  one 
time.  If  the  power  to  the  propeller  de-icers  is  cycled  with  electrical  de-icers 
on  the  wings  and  empennage,  no  power  would  Ik.  required  in  addition  to  that 
used  for  the  wing  and  tail. 

Calculation  of  the  requirements  for  electrical  propeller  de-icing  ,s  illus¬ 
trated  by  the  following: 

Twin-engine  aircraft  "A"  (4,800  lb.  gross  weight) 

206  mph  cruise  at  7,000  ft.  .  (2,400  rpm) 

Propeller  diameter .  74  in.  (31-in.  blades) 

Propeller  chord  C  *  8  in.  (12  per  cent  thick) 

Ambient  temperatn**'' ,  t  ■  17”  F  (most  probable  icing  temperature,  from 

0  Figure  1-16) 

Wing  area,  A  =  207  sq.ft. 

Dynamic  pressure,  q  =  90.  2  pef  (from  page  4.  1-9) 

W*ng  coefficient  of  lift,  C  =  0.  257  (from  page  4.  1-9) 

L 

L/D  =  21  from  Figure  29  of  \CA  TR  669  (Ref.  4.  1-11). 


Total  drag  therefore  is 


D  - 


230  lb. 
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Propeller  lift  coefficient 


cL 


prop 


L 
q  A 


230  lb. _ 

(90.2  psf)(4.3  sq.  ft.) 

«  0.593 


if  the  total  propeller  area  is  4. 3  sq.  ft.  ar.4  the  propeller  lift  is  equal  to  air¬ 
plane  drag. 

Therefore,  the  propeller  angle  of  attack  is  approximately  8  deg.  according 
to  the  Cl  vs.  a  curve  for  an  NACA  0012  airfoil  (NACA  "R  669,  Ref.  4. 1-11). 


The  true  helical  speed  of  the  propeller  at  the  m'dpoint  of  the  blade  (21.5- 
in.  radius). 


'r'V 


2  2 
V  +  (xdn) 


[(*,(43/12  ft.) (40  rps) 


=*  y/  90,300  +  202,500 
*=541  fps 
or  369  mph 


Droplet  Reynolds  number 


4.81  (» 


-6. 


'le,  d 


(OjHpHvpdO  ) 


-6. 


4.81(20  micronsHO.  00199  slugs/cu.  ft.  H369  mph) (10  ) 


“6 

(0.36xlC  slugs/ft.  -sec.) 


196 


A/Xs  =  0. 27  (from  Figure  2-6) 
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Murtift  Ptwa^ar 

i.m  (DJs(»p<w'ls) 

K  « - rrr — ■ — — — 

MiO 

m  rntmMaf12) 

55€  x  10“*  ai^ga/ft.  -sec .>{0.5  ft. > 

*  1,396 

Modified  inertia  parameter 
Ko  -  K  (X/y 

*  1.  S98  {0. 27) 

*  9, 376 

Then  from  Figures  2-21  and  2~22  (assuming  a  15  per  cent  Joukcwsk,  airfoil  at 
a  »  8),  the  chordwise  limits  of  impingement  are 


8,  *0,35 

L 


8..  *  0.055 

Kj 


e_  “2.1  inch  a  *  0.33  inch 

L  U 

Limits  of  impingement  using  a  40-micron  drop  diameter  were  found  to  be  3.  5 
inches  cn  the  lower  surface  and  0. 6  in.  on  the  upper  surface.  The  desirable 
chordwiee  coverage  then  wuuid  be  about  4  in.  (wrap  around)  if  the  system  were 
to  be  designed  to  40-micron  drops. 


To  find  toe  radia  vteut  of  icing  on  the  propeller  blade,  the  veto-  itv  <565 
4m)  at  which  th£  datum  temperature  will  be  above  free  ring  is  first  obtained  from 
Figure  3-6.  The  equation 

f2 - 

+  <*d  n) 

for  local  helical  blade  velocity  can  then  be  solved  for  the  diameter,  d,  beyond 
which  no  ice  will  form. 


505  fpe 


T 


205)  (1.  i37  fpsj  +  |  ^((^(40  rpsj 
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then 


d»  3.8  ft.  »  45.7  in.  diameter 

Therefore,  if  the  spinner  is  12  in.  in  diameter,  the  extent  of  icing  on  the 
propeller  blade  is  16. 85  in.  at  t  ■  17*  F  (the  most  probable  icing  temperature). 
The  desirable  heater  area  then  would  be  about  four  in.  (wrap-around)  by  17  in. 
long.  Figure  4. 1-22  shows  the  extent  of  protection  and  a  flat  layout  of  the 
heater  area. 

For  a  20-sec.  heat -on  time,  the  power  density  would  be  about  six  watts/ 
sq.  in.  as  indicated  by  Figure  4. 1-23,  which  is  taken  from  NACA  TN  1520 
(Ref.  4.1-12). 

The  total  power  required  to  de-ice  two  blades  at  one  time  would  be 

(6g  j(2H6  wattg/ggu,  l_mj_  =  ^ 

1,000 

To  protect  to  0°  F,  the  necessary  coverage  would  be  about  four  by  30  in. 
on  each  blade,  and  the  total  power  required  to  de-ice  two  blades  at  one  time 
is  1.2  kw  as  shown  in  Figure  4. 1-24,  the  variation  in  propeller  power  require¬ 
ments  with  ambient  temperature. 

In  practice,  shorter  propeller  de-icers  (13  in.  outboard  of  the  spinner) 
have  been  used  for  CAR -3  aircraft  because  of  the  effect  of  centrifugal  force. 
Wrap-around  coverage  used  has  been  about  2.5  in.  (which  corresponds  to  the 
20-micron  limits  determined  above).  Also,  a  power  density  closer  to  eight 
watts/sq.  in.  has  used  for  propellers  of  CAR-3  aircraft  because  of  ie- 
icer  efficiencies  existing  in  practice. 

Requirements  for  Fluid  Protection 

The  requirements  for  a  fluid  protection  system  for  the  propeller  arc  deter¬ 
mined  as  illustrated  by  the  following  for  aircraft  MA": 
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Modified  laertia.  Parameter,  K  ~  0. 376  (from  above) 

O 

Collection  efficiency,  E-.  ~  0. 67  (from  Figure  2-13  for  a  15%  Joukowski  airfoil 

at  a  *  r) 

Water  catch  (29  mile) 

WM  -  0,329  (Vr)(LWC)(h/C)(C)(IM) 

•  0.329(369  mph) (9. 48  gm/mtyo.  185) (0.5  ft.) (0.67) 

■  3.46  lb.  /hr.  -ft.  span 

For  a  200-mi.  icing  encounter,  the  distance  factor  F  *  0.32  from  Figure 
1-28,  and  the  water  catch  is 

(3.46  lb.  /hr.  -ft.  span)(0. 32)  =  1. 14  lb.  /hr.  -ft.  span 

If  the  protected  area  is  0. 333  sq.  ft.  /ft.  span  of  propeller,  the  water 
collection  rate 

M  m  1. 14  lb.  /hr.  -ft.  span 
0. 333  sq.  ft.  /ft.  span 

*  3. 42  lb. /hr. -sq.  ft. 

Using  the  same  35  yer  cent  by  weight  glycol  described  above  for  wiiigs,  empen¬ 
nage,  and  the  windshield,  the  amount  of  de-icing  fluid  necessary  it 

3/  nr - - - 

l  100  -  <G 

^  :3. 42  lb.  /hr.  -eg.  ft. ) 

100  -  2(35) 

■  7,  98  lb.  Tir.  -sq.  ft. 

For  a  17 -in.  protected  area  on  each  of  (he  four  blades  (two  per  engine),  the 

total  fluid  required  is 

(7.  96  U>.  /hr.  -aq.  it.)  (4)  ft*  472  sq.  ft. )  =  15  lb.  /hr. 

The  tank  capacity  retired  then  for  a  one -hour  icing  encounter  would  be 
(15  lb.  /hr.)(l  hr. )  -  .  •  • 
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4. 1.4.4  SELECTION  OF  ICE  PROTECTION  FOR  THE  PITOT  TUBE 


Requirements  for  Electro-Thermal  Protection 

The  following  sample  calculations  will  Illustrate  a  method  for  determining  the 
power  requirements  for  an  electrically  heated  pitot  tube: 

Twin-engine  aircraft  "A" 

205-mph  cruise  at  7,000  ft.  altitude 
Assume  ambient  temperature,  t  *  0“  F 

The  convective  heat  transfer  coefficient  can  be  obtained  at  the  stagnation 
point  by  assuming  that  the  tip  of  the  pitot  is  equivalent  to  a  1/4- in.  diameter 
cylinder: 

0  49  V  ^ 

hc  »  0. 194  tj  (  — (from  Ref.  4. 1-9) 
cyl 

-  0.101(ICC-|t)°-49[‘30°  !b./cu.ft.)(12  In. /ft. I0'5 

L  0.  2.'j  Ln.  J 

=  123  BTU/hr.  -sq.  ft.  -*  F 

Assuming  MWA£  =  0. 1  (because  the  running  wet  requirements  are  not 

sensitive  to  Mw),  the  surface  heat  requirements  may  be  found  by  the  method  of 

NACA  TN  2799  (Ref,  4. 1-5).  For  a  running  wet  system,  t  =  35*  F  and  (from 

8 

Figure  3-18) ; 

Tl  =  39*  F 

r2  =  r  f 

T  =  24.  5*  F 
o 

T  =  4.  5®  F 

4 

T  =  0*  F 

5 

Power  requirements  at  the  tip  of  the  pitot  tub:  then  are: 

Q  =  ha  (T1  '  T2  +  T3  ’  T4  +  V 
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"  (123  BTU/hr.  -sq  ft.*  F) (39-7  ♦  24.  5  -  4. 5  ♦  0)*  F 
■  6,400  BTU/hr.  -sq.  ft. 
or  13  watts/  aq.  In. 

The  heat  transfer  coefficient  aft  of  the  tip  can  be  obtained  assuming  a  flat  plate 
(turbulent  flow): 

0  J  /V  y\^*  ® 

h  *  O.Sltj'  (from  Ref.  4.1-9) 

x 

The  anti-icing  power  requirements  can  then  be  obtained  versus  distance  from 
stagnation  as  shown  in  Figure  4. 1-25. 

Figure  4. 1-26  show*  icing  tunnel  test  results  of  total  power  requirements 
versus  ambient  temperature  for  a  typical  heated  pitot  tube.  From  this  Figure, 
a  typical  value  of  anti  -icing  power  required  to  protect  to  0*  F  is  approximately 

103  watts. 

4. 1. 5  SI  LECTION  OF  ICE  PROTECTION  FOR  SINGLE-ENGINE  AIRCRAFT 

For  the  typical  single-engine  light  plane  shown  In  Figure  4.  i-27  (aircraft  B  "), 
calculations  of  the  different  Ice  protection  system  requirements  were  made  in 
the  same  manner  described  in  Paragraph  4, 1.4  for  a  typical  light  twin-engine 
aircraft.  8ince  the  results  for  the  single -engine  airplane  were  nearly  identical 
to  those  for  the  twin,  little  value  could  be  seen  In  presenting  the  single-engine 
calculations  In  this  report. 

However,  a  eummary  of  complete  ice  protection  system  weights  and  power 
ejctraction  for  the  typical  single-engine  aircraft  aie  presented  in  Paragraph 
4.  1.7.  Values  are  shown  for  several  different  comt’nxuon*  of  systems  con¬ 
sidered  tc  be  the  most  desirable  for  this  type  aircraft. 

4.  1.6  SELECTION  OF  ICE  PROTECTION  FOR  LIGHT  JET  AIRCRAFT 

in  the  lolection  of  *ce  protection  for  the  wings,  empennage,  windshield  and 
pitot  tube  of  a  typical  light  jet  (Figure  4.  1-29),  the  requirements  for  uje  dif¬ 
ferent  systems  were  found  In  the  same  manner  described  in  Paragraph  4.1.4 
'or  the  reciprocating  ^win-engine  Ughtplane.  Since  the  results  for  the  jet  were 


r 


quite  similar  to  those  for  the  reciprocating  twin,  presenting  the  detailed  calcu¬ 
lations  and  results  for  the  Jet  would  be  of  no  value  to  this  report.  However,  a 
summary  of  weight  and  power  extraction  for  several  different  combinations  of 
ice  protection  systems  is  presented  in  Paragraph  4. 1. 7  for  this  type  aircraft. 

The  most  desirable  systems  for  the  reciprocating  twin  will  not  necessarily 
be  the  most  desirable  for  the  Jet.  More  consideration  may  be  given  to  hot  gas 
anti-icing  systems  for  the  wing  and  tall  of  the  Jet  because  of  the  availability  of 
engine  bleed  air.  Also,  the  jet  aircraft  may  have  more  power  available  for 
electrical  protection  systems.  Special  consideration  must  be  made  of  the  poten¬ 
tial  problem  of  ice  shedding  from  the  inboard  wing  into  the  engine  inlet,  if  aft- 
mounted  engines  are  used. 

For  the  light  Jet  aircraft,  requirements  must  also  be  determined  for  ice 
protection  of  the  engine  inlet.  The  calculations  below  illustrate  this  for  typical 
light  jet  aircraft  ”C”  shown  in  Figure  4. 1-28.  For  purposes  of  illustration, 
the  requirements  are  determined  at  a  20.000  ft.  cruise  condition.  However, 
calculations  are  ordinarily  made  at  a  number  of  different  flight  conditions  to 
determine  the  dosign  condition. 

Calculation  of  Impingement  Limits  and  Water  Catch  for  Engine  Inlet  Lip 

Twin  Jet  aircraft  ,!C"  (12,500  lb.  gross  weight) 

500-mph  cruise  at  20,000  ft.  altitude 

Ambient  temperature,  t  *  -1TF  (most  probable  icing  temperature,  from 

0  Figure  1-16) 

Droplet  diameter,  D  =  20  microns 

3 

Liquid  water  content,  LWC  -=  0. 17  gm/m  (from  Figure  1-26) 

Air  density,  p  =  0.001262  slugr/'cu.  ft. 

Air  viscosity,  p  *  0.332  x  10  slugs/ft.  -sec. 
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Droplet  Revnolda  number 

D  (p)(U  X10-6) 

Re  -  4.81 - - - 

d  n 

— fi 

4.  81  (20  microns) (0.001262  slugs/cu.  ft.  )(500  mph)(10 _ l 

0.  332  x  10  slugs/ft.  -sec. 

*  183 

Therefore,  \f\  •  0.  278  (from  Figure  2-6) 

8 

Assume  chord  length,  C  =  1.  5  ft.  (based  on  inlet  lip  thickness  and  pressure 

distribution) 

The  inlet  is  assume^  to  be  circular. 

Inertia  parameter 

(1.705  x  J0‘i2)p  .)2(t'  ) 

K  ■ - 

o(C) 

(1.705  x  10  12> (20  microns)^(500  mph) 

(0  332  x  10  6  slugs/ft.  -sec.  )(1. 5  ft. ) 

-  0.682 

Modified  inertia  parameter 

K  *  K(A./A  ) 
o  & 

~  o.  682  tO. ?78) 

*  0  1*K‘ 

Therefore,  u-ing  14.  5  per  cent  Joukowski  airfoil  at  a  2-deg.  angle  of  attack, 

the  collection  efficiency  from  Figure  2-9  is  Ew  -  0.54. 

M 

(The  inlet  lip  contour  and  pressure  distribution  are  approximately  equal  to  a 
14.  5  per  cent  Joukowski  airfoil  at  a  -  2  deg.  For  <tr,  explanation  of  airfoil 
raalching  procedures,  see  Paragraph  2.3.4.) 

P"*io  of  projected  height  to  chord,  h/C  -  0.  15  (from  Figure  2-3) 
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Water  catch 


-  0.329  (U  )(LWC)(h/C)(C)(E„) 

M  O  M 

3 

-  0.329  (500  mph)(0. 17  gm/m  )(0.15)(1.5  ft.)(0.54) 

«  3.4  lb.  /hr.  -ft.  span 

Therefore,  the  impingement  limits  from  Figures  2-15  and  2-16  are: 

SL/C«0.17  Sy/C-  0.09 

sL  ■  3. 1  in.  Sy  *  1.  6  in. 

(The  larger  value,  s  ,  refers  to  the  inside  surface  of  the  inlet  lip.) 

Similar  calculations  using  a  40-micron  drop  size  would  result  in  impinge¬ 
ment  limits  of  4.  J  in.  on  the  inside  surface  and  2.6  in.  on  the  outside  surface. 
The  minimum  coverage  required  to  protect  for  40-micron  dropr  then  would  be 
about  seven  Inches  total  wrap-around  distance. 

Requirements  for  Anti-Icing  of  Engine  Inlet  Lip 

For  axial  flow  engines,  which  can  be  damaged  by  ice  ingestion,  it  is  desirable 
to  anti-ice  the  engine  inlet  lip.  Requirements  are  determined  below  for  both 
evaporative  and  ruiming-wet  hot  gas  anti-icing  systems  for  the  engine  inlet  lip 
of  typical  light  jet  aircraft  "C. "  Requirements  are  also  shown  for  running-wet 
electrical  anti-icing  for  the  engine  inlet  lip.  (Evaporative  electrical  anti-icing 
is  usually  impractical  because  of  excessive  power  requirements). 

Twin-Jet  aircraft  "C" 

500-mph  cruise  at  20,000  ft.  altitude 

Ambient  temperature,  t  =  -11*  F  (most  probable  icing  temperature  from 

°  Figure  1-16) 

For  an  eight-inch  wrap-around  coverage ,  the  protected  area  per  foot  of  circum¬ 
ference  would  be  0.667  sq.  ft. 
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Water  collection  rate 


3.4  lb.  /br.  -it  .  circumference 

M - - — - - "  -  ■ 1  ~ 

2 

0,867  ft.  /ft.  circumference 
*  5. 1  lb.  /hr.  -»q.  ft. 

The  average  heat  transfer  coefficient  obtained  by  the  method  described  in  Para- 


fe  «  45  BTU/hr.  -sq.  ft,  F 
& 

Tbs  surface  heat  requirements  for  an  evaporative  system  can  be  found  by  the 
method  of  NACA  TN  2799  (Ref.  4.1-5); 


5. 1  lb.  /hr,  -sq.  fe, 

45  BTU/hr.  -sq.  ft.*F 


*  0,111 


From  Figure  3-18 

T  *  5®  F 

4 

M__. 

t  ™  (1068  -r~ )+  T  «  118.3+  5  «  ’23. 3"  F 

3  h  4 

c 

t  «  64°  F 
s 

r  *  84°  F 

.  *  40*  F 
2 

t  «  0*  F 

5 

Surface  heat  requirements 

VT1  ‘  T2  +  73  -  T4  +  V 

*  (45  BTU/hr.  -sq  ft.  -  •  F)(84  -  40  +  123,  3  -  5  +  0)e  F 

*  45  (162.3) 

»  7,300  BTU/hr.  sq.  ft. 

or  21,500  BTU/hr,  (per  engine) 
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If  the  engine  Inlet  circumference  is  53  In.  and  the  boated  area  ts  2. 94  sq.  ft. 
per  engine. 

For  a  hot  gas  anti-icing  system,  assuming  a  gas  temperature  of  t  ■  350*  F 

f) 

and  a  channel  efficiency  of  tj  "0.8,  tho  airflow  requirements  are: 

'  c 

Q 

W  **  - 

C  (t  -  t  )<TJ  ) 

P  g  S7'  c' 

_ 21.500  BTU/hr. _ 

"  (0.24  BTU/lb.*  F)(350  -  64*  F)(0. 8)<3. 600  sec.  /hr.) 

■  0. 109  lb. /sec.  (per  engine) 

(The  exact  gas  temperature  would  have  to  be  determined  by  an  engine  bleed 
analysis  based  on  data  from  the  engine  manufacturer. ) 

Evaporative  electrical  anti-icing  of  the  engine  inlet  lip  is  usually  impracti¬ 
cal  because  of  the  excessive  power  requirements.  (Total  power  requirements 
for  the  engine  inlet  lip  of  typical  light  jet  aircraft  "C"  are  on  the  order  of  7  kw 
per  engine. ) 

A  running-wet  anti-icing  system  for  the  engine  inlet  lip  may  require  less 
heat  Input  than  for  an  evaporative  system.  Runback  is  not  a  problem  as  long  as 
the  heated  area  is  extended  to  the  compressor  face.  TTii'!  ts  quite  feasible  for 
the  engine  of  aircraft  "C"  because  the  engine  face  is  only  about  18  in.  from  the 
leading  edge  of  the  engine  inlet.  However,  for  engines  in  which  the  compressor 
face  is  3  to  4  ft.  or  more  from  the  leading  edge,  it  may  not  be  practical  to  heat 
entirely  to  the  compressor  face,  and  a  hot  air  evaporative  system  may  be  the 
logical  choice. 

The  calculation  of  requirements  for  running-wet  anti-icing  of  the  engine 

inlet  are  illustrated  by  the  following:  Taking  the  surface  temperature, 

t  =  35*  F, 
s 
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t.  -  51. 5*  F 

i 

r  g  *  40*  F 

r  «  41*  F 
o 

t  -  5*  F 
4 

T.  *  0°  F 
o 

from  Figure  3-18. 

The  average  convective  heat  transfer  coefficient  obtained  by  the  method 
described  in  Paragraph  3. 3  is 

h  -  37  BTU/hr.-sq.  ft 
a 


Theiefore,  the  surface  heat  requirements  for  a  running-wet  system  are 

ha  (Tl  *  V  T3  '  V  t5> 

-  (37  BTU/hr.-sq.  ft.°F)(51.5  -40+  41-5+  0)°  F 

-  I  780  BTU/hr.-sq.  ft. 

or  13,500  BTU/hr.  (per  engine) 

for  a  7.67  sq.  ft.  heated  area  (per  engine)  extending  to  the  compressor  face. 


Electrical  anti-icing  surface  heat  requirements  for  a  running -wet  system 
would  also  be 


Q  »  1,760  BTU/hr.  -sq.  ft. 
or  3.  6  watts /sq.  in. 

With  a  90  per  cent  efficiency,  the  heater  input  requirement  would  be  Q/0.  9  or 
4.0  watta/sq.  in.  Therefore,  for  a  running-wet  anti-icing  system,  the  total 
power  required  would  be: 

(4.0  watts/sq.  In. HI,  100  sq,  in.) 

1  000  *  4.4  kw  (per  engine) 
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Cyclic  electric  de-icing  could  be  designed  for  an  engine  with  a  centrifugal 
compressor  bec*i  e  this  type  is  less  susceptible  to  engine  damage  due  to  ice 
ingestion  than  the  engine  with  an  axial  flow  compressor. 

For  the  ,  -pose  of  illustration,  assuming  an  engine  with  a  centrifugal  com¬ 
pressor  with  the  inlet  dimensions  of  the  (axial  flow  compressor)  engine  of  air¬ 
craft  "C.”  an  estimation  can  be  made  of  the  power  requirements  for  cyclic 
electric  de-icing  of  the  engine  inlet.  For  a  53-in.  circumference  inlet,  a  one  - 
inch  wide  continuously  heated  parting  strip  is  necessary  at  stagnation.  If  the 
parting  strip  power  density  required  is  12  watts/sq.  in. ,  the  total  parting  strip 
power  required  for  two  engines  would  be  about  1.3  kw. 

Dividing  the  8-in.  wide  heated  area  into  four  different  cycled  areas  per 
engine,  occh  section  could  have  a  10 -sec.  heat-on  time  with  heat  off  for  70  sec. 
If  the  power  density  required  for  the  cycled  areas  is  18  watts/sq,  in. ,  the 
cycled  area  |)ower  required  would  be  about  1.7  kw.  The  total  de-icing  system 
power  required,  then,  would  be  abou.  3.0  kw  or  1.  5  kw  per  engine. 

4.1.7  EFFECT  OF  INSTALLED  ICE  PROTECTION  SYSTEMS  ON  AIRCRAFT 
WEIGHT  AND  PERFORMANCE 

The  effect  of  installed  ice  protection  systems  on  the  weight  and  performance 
of  light  aircraft  is  illustrated  by  the  table  below.  Ice  protection  system  weights 
and  energy  or  power  requirements  are  tabulated  for  several  different  combina¬ 
tions  of  the  most  desirable  systems  for  light  aircraft.  Values  are  shown  for 
all  three  typical  aircraft  chosen  for  study. 

From  the  type  of  information  presented  below,  actual  performance  penalties 
can  be  predicted.  The  numbers  shown,  however,  are  representative  only  of 
the  order  of  magnitude.  A  more  detailed  analysis  would  be  necessary  to  deter¬ 
mine  these  values  more  exactly  for  any  particular  airplane. 

Certain  weights  and  energy  or  power  requirements  shown  below  are  higher 
for  the  single -engine  aircraft  than  for  the  twin.  The  reason  for  this  is  the 
larger  projected  area  taken  for  the  wings  of  the  single-engine  airplane.  Only 
the  leading  edge  area  outboard  of  the  engine  nacelles  was  protected  on  the  twin. 
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Aircraft 
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Numbers  in  parenthesis  arc  dry  system  weights. 

(a)  15  lb.  added  tor  Increase  in  generating  capacity  (28-volt  generator  ♦  transformer). 

(b)  20  lb.  added  for  increase  in  generating  capacity  (115-volt  alternator  substituted). 
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(b)  20  ib.  added  for  increase  In  generating  capacity  (115-volt  alternator  substituted). 
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Snowing  Effect  of  Ice, 


Lift  coefficient 


Drag  coefficient  ~  CD 


Figure  4. 1-3.  Drag  Poiars  for  Twin  Engine  Aircraft  "A,M 
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Figure  4. 1-4.  Estimated  Ice  Shapes  for  Wing  of  Aircraft  "A,  ' 
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Figure  4. 1-5.  Airtoil  Section  Drag  Increase  Versus  Angle  of  Attack 
for  Rime  Ice  and  Ridge-T\pe  Gla/.e  Ice. 
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Figure  4  1-6.  Wmg  Impingement  I 
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Figure  4. 1-7.  Horizontal  Stabilize!  Impingement  Limits. 


Local  collection  rate  W.»  -  ib.,  Hr.  ft 


Figure  1-9.  Wing  Locai  Collection  Hate. 
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Local  collection  rate,  Wr  -  lb. /hr.  ft.  Local  collection  rate,  W«  -  lb., /hr.  ft 
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Total  de-icer  protected  area  22.1  sq.  ft. 
Total  area  including  tapered  edge  28.0  sq.  ft. 


Figure  4. 1-12.  Line  Diagram  of  Pneumatic  Boot  De-Icing  System  for  Wings 
and  Empennage  of  Aircraft  "A." 
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Surface  heat  requirements  -BTU/hr. 


Figure  4. 1-15.  Vertical  Fin  Surface  Heat  Requirements  for  Hot 
Gas  Anti- Icing. 
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Figure  4. 1-17,  Parting  Strip  Power  Requirements  for  Cyclic  Electrical 
De-Icing  of  Horizontal  Stabilizer. 
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Power  density  -  watts  per  sq„  in* 


Water  line  -  in. 


Figure  4.1-18. 


Parting  Strip  Power  Requirements  for  Cyclic  Electrical 
De-Icing  of  Vertical  Fin. 
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Spanwise 
parting  strips 
are  one  inch  wide 


Wing  heaters  divided  into 
th.ce  equal  shedding  areas 


Figure  4.  1-19.  Diagram  of  Cyclic  Electrical  De-Icing  System  for 
Aircraft  "A"  Winge  and  Tail. 
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Power  density  -  watts  per  sq.  in. 


Ambient  temperature  -  deg.  F 


Figure  4. 1-21.  Power  Requirements  for  Electrical  Protection  of  Windshield. 


4.  1  -6i* 


Total  power  required  (per  propeller)  -  KW 


-20  -10  0  10  20 
Ambient  temperature  -  deg.  F. 


Figure  4. 1-24.  Variation  of  Propeller  De-Icing  Power  Requirements 
with  Ambient  Temperature. 
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Power  requirements  -  w^tts  per  sq.  in. 
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Power  -  Watts 
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Figure  4. 1-27.  Typical 


Figure  4. 1  23.  Typical  Twin-Jet  Aircraft  "i . 
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4. 2. 1  SUMMARY 


Various  methods  of  providing  Ice  protection  to  airframe  components  of  a  typical, 
four -engine  CAR  -4b  transport  are  discussed  in  this  section.  Specific  values  of 
bleed  air  flow  rates,  electric  power  consumption,  fluid  flow  rates,  etc. ,  are 
shown  for  the  various  systems;,  however,  methods  of  calculation  arc  not  included. 
Section  3  contains  data  on  specific  methods  of  determining  system  requirements. 

Methods  illustrated  for  protection  of  wings  and  empennage  are  hot-gas  anti¬ 
icing  and  de-icing,  pneumatic  boot  dt.  'icing,  cyclic  electric  de-icing,  and  fluid 
anti-icing  and  de-icing.  Typical  anti-lc.ng  systems  for  wing  leading  edges  having 
slats  and/or  Krueger  flaps  also  are  shown,  Hot-gas  and  electrical  arti- icing 
and  electrical  de-icing  are  illustrated  for  turbojet  engine  inlet  lips.  Hot-gas 
anti-icing  of  the  turbojet  engine  compressor  lose  cone  is  described  and  elec¬ 
trical  anti-icing  requirements  and  configurat  on  are  shown  for  a  typical  wind¬ 
shield  arrangement.  Pneumatic  boot  de-icic  g  and  hot-gas  anti-icing  systems  for 
radomes  are  presented.  In  addition,  the  ef 1  *ct  of  ice  on  radar  transmission  and 
the  need  for  radome  protection  are  discusr  sd. 

Methods  are  shown  for  protecting  ’'miscellaneous  components,  such  as  pitot 
tubes,  antennas,  and  critical  air  inlets,  while  proi  otlon  for  propellers  and  spin¬ 
ners  of  a  typical  turboprop  aircraft  are  described  In  a  separate  subsection. 

4.2.2  INTRODUCTION 

This  section  provides  current  data  on  ice  protection  systems  that  are  adequate 
for  use  on  CAR-4b  transport  aircraft.  Practical  aspects  of  the  problem  are 
emphasized  and  specific  examples  are  shown  for  a  particular  turbo-engine  air¬ 
craft  (see  Figure  4.2-1,  Aircraft  D). 

This  data  is  intended  ior  use  by  design  engineer!  in  selecting  ice  protection 
systems  for  specific  aircraft.  For  that  reaso..,  comments  are  included  on  ad¬ 
vantages  and  disadvantages  of  the  various  systems. 
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4.  2.  3  ICE  PROTECTION  FOR  WINGS  AND  EMPENNAGE 


There  are  several  methods  of  providing  ice  protection  for  the  wtnga  and  empen¬ 
nage  of  a  transport  airplane.  To  illustrate  these  methods,  a  four-engine  turbo¬ 
jet  aircraft  and  its  ice  protection  systems  and  the  systems  requirements  are 
described.  Alternate  systems  are  discussed  and  several  of  the  advantages  and 
disadvantages  of  each  are  listed. 

The  general  characteristics  of  the  selected  aircraft  are  illustrated  in 
Figure  4. 2-1.  Its  four  engines  are  pod-mounted  beneath  the  wings.  Wing  span 
is  approximately  120  ft.  with  a  fuselage  length  of  129  ft.  The  tail  span  and  ver¬ 
tical  fin  length  are  46  ft.  and  21  ft.  Maximum  gross  weight  is  approximately 
185  000  1b. 

4. 2.  3. 1  HOT-GAS  ANTI-ICING  —  The  wing  ice  protection  system  selected  for 
Aircraft  D  is  hot-gas  anti-icing.  The  source  of  the  hot  gas  is  the  engine  com  ¬ 
pressor  bleed  air.  This  high-pressure,  high-temperature  air  is  passed  through 
regulating  valves  to  each  wing  section  (inboard,  center,  outboard)  at  13  psig 
(see  Figure  4. 2-2).  In  each  wing  section  are  piccolo  tubes  which  discharge  the 
air  to  a  plenum  area  at  approximately  2  psig.  The  air  then  flows  through  narrow- 
gap,  high-efficiency,  chordwise  gas  passages  which  form  the  wing  leading  edge. 
The  air  then  is  discharged  overboard  through  ports  on  the  lower  surface  just  for¬ 
ward  of  the  front  spar.  This  is  illustrated  in  Figure  4.  2-3.  The  chordwise  gas 
passages  are  designed  to  use  85  to  90%  of  the  initial  heat  energy  befox  e  xt  xs 
discharged.  The  extent  of  chordwise  coverage  needed  depends  on  the  airfoil, 
angle  of  attack,  and  ether  flight  parameters,  as  well  as  on  the  effects  of  runbaek 
icing  on  airfoil  drag. 

To  determine  wing  hot-gas  ice  protection  system  requirements,  a  specific 
design  point  is  ixrst  established.  For  Aircraft  D,  the  design  point  is  the  hold 
condition  at  5,  000- ft.  altitude.  This  point  was  established  by:  (')  calculating 
the  water  catch  and  heat  required  for  complete  evaporation  at  several  wi  ig  sta¬ 
tions  for  various  flight  conditions,  and  (2)  using  the  bleed  air  temperature 
schedule  for  these  flight  conditions  to  determine  the  condition  requiring  the 
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maximum  flow.  After  the  design  point  is  established,  the  calculations  proceed 
as  demonstrated  in  Section  4. 1. 


Some  Illustrative  values  lor  these  calculations  (as  applied  to  Aircraft  D) 
taken  at  wing  station  120  and  at  the  "hold"  design  condition  are: 

a.  Impingement  limit  upper  surface  (8^)  -  1. 32  in.  (20-micron  droplet). 

b.  Impingement  limit  lower  surface  (8^)  =  9. 91  in.  (20-micron  droplet). 

c.  Water  catch  rate  (W^)  *-  10. 1  lb.  /hr.  -ft.  span. 

(Note:  The  impingement  limits  for  40  micron  drops  are  roughly  twice  the  20 
micron  limits;  however,  the  bulk  of  the  ice  formation  lies  between  the  20  micron 
limits). 

The  average  heat-transfer  coefficient  at  several  wing  stations  is  determined 
as  described  in  Section  3.  With  these  heat  transfer  coefficients,  water  catch 
rates,  and  design-point  flight  conditions,  Figures  3. 18a  and  3. 18b,  are  used  to 
determine  the  heat  requirements  for  evaporative  anti-icing.  A  plot  of  these  re¬ 
quirements  vs.  span  station  for  the  entire  wing  are  presented  in  Figure  4. 2-4. 


This  heat  requirement  must  be  converted  into  a  hot-gas  flow  requirement  to 
determine  the  feasibility  of  using  hot  gas.  Information  needed  for  calculating  the 
hot-gas  flow  requirement  is  the  piccolo  tube  gas  temperature  decay  and  the  lead¬ 
ing  edge  gas  passes  efficiency.  Piccolo  tube  gas  temperature  decay  and  gas  pas¬ 
sage  efficiency  may  be  determined  by  analysis  or  laboratory  tests.  The  required 
and  actual  hot  air  flow  rates  are  presented  vs.  altitude  in  Figure  4  2-5.  As  shown, 
the  system  is  marginal,  but  adequate,  at  the  design  point;  performance  Is  in 
excess  of  requirements  for  other  flight  conditions. 


Typical  weight  flows  lor  wing  anti-ice  protection  at  the  design  conditions  are: 


Inboard 

0. 76  lb.  /sec. 

Center 

0.82  lb. /sec. 

Outboard 

0.06  lb.  /sec. 

Total 

2.  24  lb.  /esc.  (semi-span) 

Total 

4. 46  lb.  /sec.  per  airplane 
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Empennage  hot-gaa  anti-icing  may  be  accomplished  using  a  system  similar 
to  the  wing  installation.  On  Aircraft  D,  this  would  requ‘re  ducting  the  hot.  air 
from  the  engiaes  the  90  ft.  to  the  empennage  through  the  pressurized  fuselage. 
Aircraft  with  tail-mounted  engines  will  not  encounter  these  problems. 

The  design  point  for  determining  empennage  anti-ice  requirements  will 
normally  be  the  same  as  for  the  wings.  The  air-flow  requirement  calculations 
will  have  to  account  for  the  gas  temperatur  e  losses  experienced  in  the  90  ft.  of 
ducting.  An  approximate  value  of  the  flow  required  to  anti- Ice  the  empennage  at 
the  design  point  is  2. 0  lb.  /sec. 

A  system  that  reduces  the  bleed  air  temperature  by  recirculation  of  anti- 
icing  discharge  air  also  may  be  used  for  anti-icing  protection.  In  thii.  system, 
unregulated  and  uncooled  bleed  air  is  distributed  to  the  wings  (and  empennage  if 
hot-air  protected)  in  lightweight  stainless-steel  ducts.  At  each  protected  section, 
a  thermostatically  regulated  valve  passes  the  air  into  piccolo  tubes  where  the 
air  L,  discharged  through  a  large  number  of  small  ejector  nozzles.  The  air 
from  the  ejectors  mixes  with  plenum  air,  is  cooled,  and  then  passes  through  the 
leading  edge  double  skin  heat  exchangers  and  back  into  the  plenum.  The  excess 
air  is  dumped  overboard.  The  thermostatic  sensor  used  to  control  the  regulating 
shutoff  valves  is  located  at  the  heat  exchanger  exit  and  controls  the  air  to  a  dis 
charge  temperature  of  approximately  135°  F.  (Refer  to  Figure  3. 16.)  This  sys¬ 
tem  achieves  high  efficiency  with  relatively  deep  gas  oasaag.es  (1/8  to  3/  i6  inch) 
as  opposed  to  the  single  pass  system  which  requires  narrow  passages  (in  the 
order  of  0.  040  to  0.  050  inch). 

On  turoojet  engines  having  two  compressor  stages,  oleed  air  from  the  lew 
pressure  compressor  may  also  De  used  for  anti-ice  protection.  To  provide  inti- 
ice  protection  with  this  lower  energy  air,  larger  mass  Cows  will  be  required. 

To  handle  these  larger  mass  flows,  the  ducting  and  leading  edge  heat  exchanger 
passage*  will  have  to  be  larger,  but  in  other  ways  the  s\stem  will  be  generally 
the  same  as  the  high-pressure  bleed  air  anti-ice  protection  system.  Difficulty 
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may  be  experienced  in  obtaining  adequate  protection  at  low  rpm,  as  in  descent 
and  hold.  Use  of  low  pressure  bleed  may  allow  elimination  of  pressure  and/or 
temperature  regulation,  thus  simplifying  the  system.  Installed  weights  may  be 
lower,  because  the  reduced  temperature  and  pressure  will  allow  lighter  duct¬ 
ing;  this  is  offset  to  a  large  extent  by  the  requirement  for  handling  larger  mass 
flows  (for  a  given  thermal  requirement).  Mixing  systems  may  also  be  used  that 
employ  low  pressure  bleed  air  augmented  by  High  pressure  bleed  as  required  to 
achieve  a  desired  air  temperature. 

Hot-gas  anti-icing  systems  have  several  advantages  and  disadvantages.  On 
the  positive  side  are:  the  availability  of  ice  protection  energy  in  the  form  of  hot 
air  at  a  reasonable  penalty  to  aircraft  performance,  ne  ducting  used  for  ice 
protection  is  often  used  for  other  purposes,  thereby  saving  weight;  the  systems 
for  hot-gas  distribution  are  relatively  simple,  trouble-free  and  easy  to  maintain; 
and  being  anti-icing  systems  there  is  no  decrement  in  aircraft  performance  be¬ 
cause  of  ice  accretion.  The  disadvantage  of  a  hot-gas  anti-ice  protection  system 
is  primarily  the  potential  high  cost  of  installation  which  results  from  designing 
and  fabricating  the  leading  edge  heat  exchangers.  The  system  must  be  designed 
into  the  original  leading  edge  and  cannot  be  "added  on"  at  a  later  date  without 
major  retrofit  problems. 

There  may  be  occasions  when  an  anti-icing  system  may  be  used  in  a  de¬ 
icing  manner.  P^ior  to  such  usage,  the  system  s-ould  be  tested  for  de-icing 
adequacy.  Methods  of  testing  are  discussed  in  Section  6. 

4.  2.3.  2  HOT-GAS  DE-ICING  —  Ir  a  turbine-engine-powered  aircraft,  particu¬ 
larly  one  with  turboprops,  adequate  bleed  air  may  not  be  available  under  all 
flight  conditions.  In  this  case,  a  solution  is  ine  use  of  a  hot-gas  de-icing  system. 
This  system  has  been  used  on  at  least  one  military  turboprop  transport  and  ont 
long-range  commercial  transport.  Unfortunately,  the  advantage  of  reduced 
bleed-air  requirements  (typically  i/4  to  i/6  of  anti-icing  requirements)  is  offset 
by  Increased  system  complexity  and,  tn  some  cases,  increased  we^gnt.  Thus. 
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the  choice  r.f  hot-gas  de-icing  vs.  hot-gas  anti-icing  must  be  made  with  due  re¬ 
gard  to  a’i  factors  of  a  particular  aircraft. 

Actual  analysis  and  design  of  a  hot-gas  de-icing  system  would  require  a 
major  engineering  effort  because  of  the  degree  to  which  the  system  is  integrated 
into  the  airplane.  A  full  description  of  the  results  of  such  an  effort  is  beyond  the 
scope  af  this  report.  Instead,  a  de-icing  system  that  would  suit  the  needs  of 
Aircraft  D  is  described,  with  comments  and  suggestions  on  adaptations  that  would 
be  required  for  other  types  of  transport  aircraft. 

The  operating  principles  of  a  hot-gas  de-icing  system  are  identical  to  those 
for  a  cyclic  electric  de-lclng  system.  Only  the  mode  of  energy  supply  Is  changed. 
A  sketch  of  a  simple  system  for  a  swept-wing  transport  is  showm  in  Figure  4.  2-6. 
The  bleed  air  from  four  engines  is  directed  into  a  common  spanwise  manifold 
from  which  the  de-icing  ducts  are  led  for  the  six  wing  systems  and  for  the  em¬ 
pennage.  Only  nine  sections  are  shown  in  this  arrangement,  resulting  in  the  de¬ 
icing  of  18-  to  20-foot-span  sections  at  one  time.  Performance  could  be  improveo 
by  supplying  air  at  the  center  of  each  section  rather  than  at  each  end  as  shown  in 
the  illustration.  Further  economies  in  air  supply  would  be  effected  by  using  18 
ten-ft.  sections  rather  than  9  twenty-ft.  sections,  but  with  increased  system 
complexity. 

The  system  shown  in  Figure  4.  2-6  does  not  use  or  require  spanwise  parting 
strips  because  the  sweep  angle  is  greater  than  30  degrees.  In  nonswept  wings, 
the  spanwise  parting  strips  may  be  required  as  shown  in  Figure  4.  2-7.  (An 
alternate  arrangement  for  parting  strips  is  shown  in  Section  3.)  Use  of  parting 
strips  almost  douolcs  system  complexity  and  increases  air  flow  requirements. 
Where  parting  strips  are  needed,  the  method  most  likely  to  produce  uniform 
spanwise  width  is  that  shown  in  Figure  4.2-7(b).  The  duct  is  split  to  allow  air  to 
flow  the  length  of  the  duct  in  one  direction  reversing  and  flowing  back  in  the 
opposite  direction.  Data  on  this  system  is  available  (in  unpublished  form)  from 
NASA. 
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The  gas  passages  shown  in  Figure  4.  2-7  are  the  typical  corrugated-skin  type 
often  used  for  anti-icing,  although  the  passages  may  be  tapered  to  allow  equal 
her.ting  of  the  surface,  (The  increased  heat-transfer  coefficient  at  the  aft  end  of 
the  gas  passage  compensates  for  the  decreased  gas  temperature. ) 

Air  supply  ducts  may  or  may  not  be  used  to  carry  air  spanwise  in  the  lead¬ 
ing  edge,  depending  on  gas  temperature,  duct  length,  and  strength/temperature 
characteristics  of  the  aluminum  alloy  used  for  skins  and  baffles.  Below  450°  F 
gaa  temperature,  ducts  usually  would  not  be  required. 

The  de-icing  cycle  used  for  hot-gas  systems  will,  usually  involve  eomewhat 
longer  heat-on  and  heat-off  times  than  for  cyclic  electric.  This  results  from  the 
thermal  inertia  of  the  inner  and  outer  skins,  baffles,  etc. ,  as  compared  to  a 
cyclic  electric  that  heats  only  a  very  thin  layer  of  insulation  and  skin.  For  the 
system  in  Figure  4. 2-6,  30  sec.  on  (maximum)  and  240  sec.  off  would  be  a 
typical  cycle.  At  higher  datum  temperatures  than  the  minimum  value,  it  is 
desirable  to  reduce  heat-on  time  as  a  function  of  datum  temperature  (see 
Figure  4. 2-8).  This  minimizes  refreeze  at  the  higher  temperatures.  Timers 
are  available  commercially  to  perform  this  function.  The  heat-off  time  may  be 
fixed  or  may  be  made  manually  variable.  Flight  experience  with  one  de-icing 
system  has  indicated  that  heat-off  times  of  as  much  as  six  to  eight  minutes  may 
be  required  to  allow  a  system  with  high  thermal  inertia  to  cool  down  and  collect 
sufficient  ice  before  the  next  application  of  heat.  Keat-off  time  may  also  be  made 
variable  by  Integrating  ice  detector  signals  and  initiating  de-icing  action  after  a 
specific  number  of  signals. 

De-icing  time  vs.  datum  temperature  is  shown  in  Figure  4.2-8  for  two 
typical  de-icing  systems.  At  25° F,  '’“-icing  times  are  about  4  to  8  sec. ,  where¬ 
as  at  -10*  F,  28  to  29  sec.  are  required.  The  de-icing  air  flow  is  1. 16  to  1.  74 
lb. /sec.  based  on  20— ft.  sections,  depending  on  the  system  used  and  gas  tem¬ 
perature.  Details  are  not  shown  on  parting  strip  flow  requirements.  In  most 
current  applications  (swept  wing),  parting  strips  are  not  needed.  For  nonswept 
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wings,  data  may  be  found  in  Reference  4. 2-1;  data  on  the  configuration  of  Figure 
4.2-7(b)  may  be  obtained  from  the  NASA  Lewis  Research  Center  (unpublished 
form) . 

Various  combinations  of  anti-icing  and  de-icing  also  may  be  used,  depend¬ 
ing  on  the  needs  of  a  particular  aircraft.  For  example,  it  might  be  desirable  to 
anti-ice  the  more  critical  outboard  wing  areas  and  de-ice  t  he  inboard  wing  and 
empennage  leading  edges  after  leaving  an  icing  condition.  This  procedure  could 
be  an  acceptable  compromise  between  available  bleed  air  and  excessive  system 
complexity. 

4. 2. 3.  3  PNEUMATIC  BOOTS  —  Pneumatic  boots  have  been  used  extensively  on 
piston-engine  aircraft  and  smaller  turbine-engine  aircraft,  but  have  not  yet  been 
used  for  larger  four-engine  turbine  transports.  Potential  service-life  problems, 
as  well  as  availability  of  hot-gas  for  anti-icing  on  large  turbine  aircraft,  have 
restricted  the  pneumatic  boot  application.  Modern  fabrication  techniques  and 
improved  erosion  resistance  have  made  pneumatic  boot  systems  feasible  for  high¬ 
speed  aircraft.  The  design  points  for  pneumatic  boot  coverage  on  Aircraft  D 
would  be  based  on  droplet  impingement  limits.  These  limits  determine  the 
amount  of  chordwise  boot  coverage  that  is  required  for  ice  protection.  The  im¬ 
pingement  limits  on  the  lower  surface  of  the  wing  are  a  maximum  for  the  20,000- 
ft.  hold  condition  and  are  approximately  17  in.  The  impingement  limits  on  the 
upper  surface  of  the  wing  are  a  maximum  for  the  cruise  condition  and  are  ap¬ 
proximately  7  in.  Impingement  limits  on  the  empennage  surfaces  will  be  about 
10  in.  on  both  surfaces  (vertical  and  horizontal  fins). 

Pneumatic  boots  should  inflate  and  deflate  rapidly  to  function  effectively. 

To  accomplish  this,  the  boot  panels  are  of  limited  size.  Aircraft  D  will  require 
about  five  panels  for  each  wing  semi-span  and  about  two  for  each  empennage 
surface  (see  Figures  4.  2-9  and  4.  2-10).  Inflation  time  for  the  panels  is  about 
5  or  6  sec.  During  heavy  icing,  a  60-sec.  cycle  is  suggested,  while  for  light 
icing,  longer  accretion  times  of  3  to  4  min.  should  be  permitted. 
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The  approximate  weight  of  a  pneumatic  boot  system  for  Aircraft  D  would 
be  305  lb. ;  based  on  238  lb.  for  the  boots,  37  lb,  for  operating  equipment,  and 
30  lb.  for  tubing  and  brackets. 

4. 2. 3.4  CYCLIC  ELECTRIC  DE-ICING  -  Electro-thermal  anti-icing  is  not 
considered  for  Aircraft  D  because  of  the  prohibitive  power  requires  mts.  Cyclic 
electric  de-icing  may  be  considered  and  would  require  about  the  same  leading 
edge  wraparound  as  the  pneumatic  boot,  (Such  applications  have  been  limited  to 
small  aircraft  having  little  or  no  available  bleed.)  Wraparound  is  based  on  con¬ 
sideration  of  Impingement  limits  for  20-  and  40-micron  droplets.  For  practical 
reasons,  the  coverage  extends  only  slightly  beyond  the  20-micron  range.  The 
amount  of  ice  that  accretes  beyond  this  is  negligible.  Typical  layouts  for  the 
cyclic  electric  system  for  the  wing  of  Aircraft  D  are  presented  in  Figure  4.2-11. 
The  empennage  layouts  are  shown  in  Figures  4. 2-12  and  4. 2-13.  The  impinge¬ 
ment  limits  and  heater  limits  are  illustrated  in  Figure  4.2-14.  The  wing  is 
divided  into  several  shedding  zones  (12  zones  per  wing  semi-span  in  this  exam¬ 
ple).  Based  on  calculated  accretion  rates,  a  shedding  frequency  is  established. 
With  the  shedding  frequency  and  the  number  of  shedding  zones,  a  heat-on  time  for 
each  zone  is  established.  These  values  then  are  used  to  determine  the  approximate 
power  density  for  adequate  shedding.  For  effective  shedding,  this  power  density 
should  fallwithin  the  range  of  xG  to  25  watts/in^;  if  not,  the  number  of  shedding 
zones  should  be  readjusted.  Each  heating  element  design  will  have  its  own  set 
of  performance  curv'^  for  this  determination. 

For  purposes  of  this  illustration,  an  accretion  or  cycling  time  of  4  min.  will 
be  assumed.  The  maximum  heat-on  time  for  each  of  the  24  shedding  zones  will 
be  10  sec. ,  for  which  a  wattage  density  of  18  watts/sq,  in.  should  be  adequate. 

At  18  watts/sq.  in. ,  each  shedding  zone  will  require  approximately  27  kw.  A 
larger  number  c?  segments  with  increased  total  cycle  time  could  be  used  to  re¬ 
duce  this  requirement.  The  empennage  is  a  more  efficient  collector  of  ice  and 


will  require  more  frequent  shedding.  A  three-minute  accretion  time  is  assumed 
for  the  empennage  which  results  in  a  10-sec.  heat-on  time  for  each  of  the  18 
sections.  At  18  watts/sq.in. ,  each  empennage  shedding  zone  will  require  approx¬ 
imately  7.38  kw,  plus  3.02  kw  for  parting  strips.  Combined  with  the  wing  cyclic 
system,  the  total  power  requirement  for  cycling  is  about  35  kw,  plus  7.  04  kw  for 
parting  strips. 

To  reduce  this  power  requirement,  a  study  should  be  made  of  the  effect  of 
cycle  time,  accretion  rates,  and  parting  strip  power  requirements. 

With  a  power  density  of  18  watts/sq.  in. ,  the  time  for  shedding  at  various 
operating  conditions  may  vary  from  1  to  10  sec, ;  therefore,  a  variable  heat-on 
time  may  be  desirable  to  prevent  continued  heating  after  shedding  and  the  re¬ 
sultant  runback  ice  formation.  A  method  of  controlling  hrat-on  time  could  be  by 
sensing  surface  temperature.  De-icing  is  usually  completed  when  the  surface 
temperature  reaches  45°  F.  The  controller  could  be  designed  to  switch  zones 
when  the  surface  temperature  reaches  55  to  60°  F  or  when  maximum  heat-on 
time  is  reached.  For  the  shorter  heat-on  times,  a  dwell  period  should  be  incor¬ 
porated  at  the  end  of  cycling  to  permit  accretion  before  resumption  of  shedding. 

An  alternate  approach  that  is  somewhat  less  complex  is  to  schedule  heat-on 
time  as  a  function  of  datum  temperature  (which  can  be  approximated  by  measur¬ 
ing  the  temperature  of  an  unheated  portion  of  the  leading  edge). 

For  practical  rations,  the  parting  strip  should  be  of  uniform  power  density  — 
that  is,  the  density  required  to  maintain  the  stagnation  point  (point  of  highest  heat 
loss)  above  32°  F  in  all  conditions.  Methods  of  determining  parting  strip  power 
requirements  are  described  in  ^ragraph  4.  1.  4. 1.  A  power  density  of  14  w  itts,/ 
sq.  in.  is  typical.  Chordwise  strips  measuring  1  in.  x  8  in.  are  used  for  sweep 
angles  in  excess  of  30  degrees.  For  lower  sweep  angles,  one  inch  wide  span- 
wise  parting  strips  "ould  be  used.  Chordwise  strips  are  sometimes  used  in  con¬ 
junction  wit..  3p,.n*A'se  st~'os  to  insure  reliable  ice  shedding;  however,  this  causes 
'in  appreciable  irv.rease  in  total  powe~  requirements. 
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One  advantage  of  a  cyclic  electric  system  is  that  it  may  be  an  "add-on" 
system,  requiring  little  modification.  Installed  weight  for  the  empennage  would 
be  less  than  for  hot  gas  in  the  case  of  forward -mounted  engines.  Another  advan¬ 
tage  is  availability  of  power  independent  of  flight  condition,  also,  the  power  re¬ 
quirements  for  a  de-icing  system  are  substantially  less  than  for  an  anti-icing 
system.  One  disadvantage  to  the  cyclic  system  is  the  airfoil  performance  loss 
during  periods  of  ice  accretion.  The  major  disadvantage  compared  with  hot-gas 
anti-icing  is  the  increased  frequency  of  repair,  particularly  after  several  thou¬ 
sand  hours  of  flight. 

4.  2.  3.  5  FLUID  ICE  PROTECTION  —  Fluid  ice  protection  has  been  applied  to 
several  smaller  transport  aircraft  but  at  present  has  not  been  applied  to  any  the 
size  of  Aircraft  D.  Most  aircraft  the  size  of  ,rD"  prefer  to  operate  with  anti¬ 
icing  protection  for  the  wings  and  possibly  de-icing  for  the  empennage  and  usually 
have  adequate  bleed  air  and  electrical  power  to  accomplish  this.  If  energy  for 
anti-icing  is  not  available,  then  fluid  de-icing  may  be  considered.  (Fluid  anti¬ 
icing  requirements  may  be  prohibited  for  large  surface  areas  and  are  not  con¬ 
sidered  for  this  application. ) 

There  are  several  methods  of  applying  fluid  for  de-icing,  such  as  spray 
nozzles,  a  series  of  discrete  holes,  porous  metal  strips,  and  porous  metal 
panels.  The  latter  two  methods  are  the  most  economical  in  operation  and  their 
requirements  as  applied  to  Aircraft  D  will  be  presented.  Schematics  of  these 
two  distributor  system?  were  shown  in  Figures  3-5  and  3-8. 

The  porous  metal  panels  may  be  used  on  airfoils  with  straight  leading  edges, 
of  either  constant  or  tapered  sections.  Airfoils  with  curvature  in  plan  and/or 
elevation  must  use  the  strio  distributors.  Two  strip  distributors  are  used  where 
variations  in  stagnation  line  exceed  the  width  of  the  strip.  Width  of  the  panel 
distributors  w«i!  be  based  on  the  stagnation  limits  of  the  airfoil.  This  will  ensure 
fluid  distribution  over  both  surfaces  during  all  flight  conditions. 


Fluid  flow  rates  for  the  panel  and  strip  distributors  for  de-icing  were  estab¬ 
lished  by  r,  series  of  natural  icing  flight  tests  (see  Ref.  4.2-2  and  4.2-3).  The 
fluid  flow  rate  from  the  strip  distributor  was  set  at  2/3  Imperial  pt.  per  pro¬ 
jected  square  foot  of  frontal  area  per  hour  (0.93  psf/hr.).  The  fluid  flow  rate 
from  the  panel  distributor  was  set  at  1/3  Imperial  pt.  per  projected  square  foot 
per  hour  (0.46  psf/hr.).  According  to  Ref.  4.2-2,  these  flow  rates  will  give 
anti-icing  performance  at  the  higher  icing  temperatures  and  a  continuous  de¬ 
icing  cycle  at  severe  low  icing  temperatures.  Based  on  these  flow  r'tes,  the 
fluid  required  to  protect  Aircraft  D  using  the  panel  distributors  would  be  approx¬ 
imately  75  lb. /hr. 

The  weight  of  a  panel  distributor  ^vstem  as  applied  to  the  wing  of  Aircraft 
D  will  depend  upon  the  limits  of  stagnation  variation.  Assuming  an  arbitrary 
value  of  4  in.  for  stagnation  line  variation  and  a  wing  leading  edge  length  of  841 
in. ,  the  weight  of  full  span  panels  for  both  wings  would  be  about  124  lb.  The 
total  weight  of  the  wing  system  —  pumps,  filters,  distribution  lines,  fluid,  and 
panels  —  would  be  approximately  200  lb.  Requirements  for  the  empennage 
would  be  on  the  order  of  1/3  of  this  value. 

There  are  some  recommended  operating  techniques  to  be  used  with  the  fluid 
system.  For  best  performance,  the  protected  surfaces  should  be  wetted  before 
encountering  icing.  This  acts  as  an  ice  bond  depressant  and  improves  perform¬ 
ance  of  the  de-icer.  This  means  the  system  should  be  actuated  prior  to  entering 
a  cloud  or  whenever  icing  conditions  are  anticipated  and  remain  on  throughout 
any  icing  encounter, 

4.2.4  ICE  PROTECTION  FOR  WING  LEADING  EDGES 
HAVING  SLATS  AND/OR  KRUEGER  FLAPS 

The  preceding  descriptions  of  see  protection  systems  for  the  wing  of  Aircraft  D 
assumed  a  fixed  leading  edge.  Wings  with  leading  edge  devices  will  have  the 
same  ice  protection  requirements  but  methods  of  supplying  these  requirements 
will  differ  and  will  be  more  complex. 
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Leading  edge  devices  may  consist  of  slats,  slots  and  f  '‘ps.  A  wing  leading 
edge  slat  configuration  is  shown  in  Figure  4.2-15.  This  figure  represents  a 
hot-gas  anti-icing  system  as  applied  to  Aircraft  D.  The  slat  portion  of  the  wing 
leading  edge  incorporates  a  piccolo  tube  v/hich  gives  ice  protection  to  the  leading 
edge,  upper  surface  of  the  leading  edge,  and  to  a  small  portion  of  the  lower  sur¬ 
face.  The  fixed  portion  of  the  wing  leading  edge  also  has  a  piccolo  tube  which 
supplies  ice  protection  to  the  remainder  of  the  airfoil’s  protected  lower  surface 
and  to  part  of  the  fixed  leading  edge  within  the  slot.  The  slat  piccolo  tube  is 
supplied  hot  gas  by  means  of  a  telescoping  duct.  The  fixed  wing  behind  the  slot 
may  or  may  not  require  protection,  depending  on  geometry,  ice  accretion  char- 
a*;  eristics  and  time  in  icing.  For  each  new  aircraft,  a  study  should  be  made  of 
need  for  heating  this  area. 

The  anti-icing  air  flow  must  be  divided  between  the  slat  and  fixed  leading 
edge  in  proportion  to  their  requirements.  This  is  accomplished  by  sizing  the 
piccolo  discharge  holes  using  duct  temperature  and  pressure  losses  and  a  dis¬ 
charge  coefficient  as  parameters.  At  the  design  po<nt  (5, 000-ft.  altitude  hold) 
the  flow  requirement  of  0.8  lb. /sec.  far  the  center  section  is  divided  60%  lor  the 
slat  and  40%  for  the  fixed  leading  edge. 

Alternate  methods  of  wing  ice  protection  such  as  pneumatic  tube,  electro¬ 
thermal  de-icing  and  fluid  de-icing  may  also  be  applied  to  leading-edge  slats. 
Difficulty  In  retraction  of  the  slats  may  be  experienced  if  ice  accretes  on  the 
fixed  leading  edge  or  if  residua)  ice  or  runback  ice  occurs  within  the  slot. 

Leading  edge  ''Krueger"  flaps  may  or  may  not  be  protected  depending  upon 
the  effects  of  ice  accretion  on  performance.  Figure  4.  2-16  illustrates  an  un¬ 
protected  leading  edge  flap  as  might  be  Installed  on  Aircraft  D.  Ice  protection 
requirements  for  the  wing  leading  edge  will  remain  the  same  but  because  of  the 
flap  Installation  there  will  be  a  reduction  in  the  heated  area  on  the  lower  surface. 
Water  may  runback  from  the  heated  leading  edge  and  freeze  in  the  flap,  if  the 


leading  edge  anti-icing  system  is  not  fully  evaporative.  Also,  there  will  be  a 
small  amount  of  direct  impingement.  Evaluation  of  need  for  heating  the  flaps 
must  be  made  by  either  an  aerodynamic  analysis  or  by  flight  test. 

Ice  accretion  may  occur  when  the  flap  is  extended  during  takeoff  and  approach. 
Figure  4.2-1?  illustrates  the  amount  of  ice  that  may  accumulate,  based  on  30 
minute  hold  in  icing.  No  appreciable  ice  is  accumulated  during  takeoff,  as  flaps 
are  retracted  about  1-1/2  minutes  after  brake  release.  If  the  flap  is  unprotected, 
flight  tests  should  be  conducted  to  determine  the  effects  of  this  ice  accretion.  One 
flight-test  method  which  may  be  employed  is  to  simulate  the  predicted  ice  shapes 
and  weight  with  w^od  and  attach  them  to  the  flap.  The  airplane  performance  then 
may  be  evaluated  in  clear  air. 

Ice  protection  may  be  provided  for  the  flap  using  hot  gas  by  fabricating  the 
flap  as  a  double-skinned  heat  exchanger  similar  to  the  wing  leading  edge.  The 
hot  gas  may  be  transmitted  to  the  flap  either  through  a  telescoping  duct  or  a 
swivel  fitting  and  duct.  Anti-icing  heat  requirements  may  be  determined  using 
the  calculation  methods  described  in  Section  3. 

De-icing  requirements  would  be  similar  to  the  requirements  of  a  fixed 
leading  edge.  Shedding  characteristics  will  probably  be  different  because  of  the 
airfoil  shape  and  the  aerodynamic  forces  the  ice  will  encounter.  An  icing  tunnel 
test  program  may  be  required,  due  to  the  difficulty  m  predicting  shedding  forces 
and  impingement. 

4.2.5  10 E  PROTECTION  FOR  TURBOJET  ENGINE  INLET  LIP 

Ice  protection  is  necessary  for  turbojet  engine  inlet  lips  to  prevent  engine  damage 
due  to  ingestion  of  ice.  Decrease  of  inlec  area  is  not  a  significant  factor,  except 
for  extremely  small  engines.  The  various  methods  of  providing  protection  are 
hot-gas  anti-icing,  electrical  anti-icing  and  de-icing,  and  fluid  .uiti-icing  and 
de-icing,  which  are  discussed,  below. 


4.2-17 


4,2.5. 1  HOT-GAS  ANTI -ICING  —  A  hoi  -gas  anti-icing  system  fo**  the  engine 
inlet  lip  of  typical  CAR-4b  transport  is  illustrated  in  Figure  4.2-18.  The  area 
of  the  nacelle  requiring  anti-icing  extends  ait  irom  the  leading  edge  along  the 
inner  and  outer  surface  of  the  inlet  lip,  a  horizontal  distance  of  6  in.  The  anti¬ 
icing  air  (engine  compressor  bleed  air)  is  distributed  around  the  lip  by  a  modi¬ 
fied  ,fD"  duct  and  passes  through  holes  In  the  leading  edge  of  the  inner  skin  into 
0,40-in.  gas  passages.  The  air  flows  aft  through  these  passages  into  a  plenum 
chamber  between  Uie  'T)”  duct  and  a  baffle  and  then  is  discharged  tangentiallv 
into  the  inlet  stream  via  six  discharge  ports.  An  alternate  arrangement  is  also 
shown  that  eliminates  the  inner  skin.  Although  it  is  less  efficient  thermally,  the 
arrangement  is  particularly  useful  for  thin  leading  edges  (as  on  supers  nic  inlets) 
or  flush  scoops.  Cost  of  manufacturing  the  single  skin  system  may  be  lower  for 
many  applications. 

Heat  and  air  flow  requirements  for  anti-icing  the  engine  inlet  of  Aircraft  D 
were  determined  at  a  number  of  different  flight  conditions,  and  the  design  condi¬ 
tion  was  found  to  be  a  15,000-ft.  cruise  condition.  Since  the  calculations  showed 
the  greatest  air  flow  demand  at  the  15,  000-ft.  cruise  condition,  the  aye  am  was 
designed  to  meet  the  heat  requirements  at  this  condition.  The  system  will  pro¬ 
vide  complete  evaporation  of  the  impinging  w'ater  droplets  in  maximum  continu¬ 
ous  icing  for  all  flight  conditions  except  descent  (due  to  low  bleed  temper  - tures). 
The  heated  area  will  be  maintained  above  35'  F  (running  wet)  fer  descent.  In 
maximum  intermittent  icing,  the  heated  surface  w  ill  be  running  w  et  for  all  flight 
conditions.  The  amount  of  refreeze  is  not  significant  for  these  encounters 
bocause  of  the  short  duration.  Calculated  values  of  both  actual  and  required 
heat  release  are  shown  in  Figure  4.  2-19  for  comparison  i  igure  4.  2-20  shows 
calculated  values  for  both  actual  and  required  air  flows. 

The  calculation  of  w'ater  catch,  impingement  limits,  and  heat  release  and 
air  flow  requirements  for  a  turbciet  engine  inlet  lip  is  described  in  Paragraph 
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4. 1. 6.  Knowing  the  bleed  air  pressure  available  at  the  different  flight  conrUi  ;ns, 
the  actual  air  flows  can  be  calculated  by  performing  a  pressure  drop  analysis  of 
the  system.  The  actual  heat  release  can  then  be  found  knowing  the  actual  airflows. 

For  other  aircraft  with  engines  having  a  shorter  distance  from  the  inlet  lip 
to  the  compressor  face,  it  may  be  feasible  to  provide  running  wet  protection  for 
the  entire  area  aft  to  the  compressor  face  so  that  runback  does  not  build  up- and 
shed  into  the  engine.  This  would  not  be  practical  for  Aircraft  D,  however,  be¬ 
cause  the  compressor  face  of  its  engines  is  on  the  order  of  4  ft.  from  the  inlet  lip. 

4. 2. 5. 2  ELECTRICAL  ANTI-ICING  —  A  possible  alternative  method  of  ice  pro¬ 
tection  for  a  turbojet  engine  inlet  lip  is  electrical  anti-icing.  This  type  of  pro¬ 
tection  makes  use  of  electrical  heating  elements  cemented  to  or  integrated  with 
the  leading  edge.  A  more  detailed  description  is  contained  in  Section  3.  (Typical 
heater  construction  details  are  shown  in  Figure  3-22. ) 

Completely  evaporative  electrical  anti-icing  is  usually  impractical  for  pro¬ 
tection  of  turbojet  engine  inlet  lips  because  of  the  large  amount  of  power  required 
(about  28  kw  per  engine  for  Aircraft  D  to  protect  the  same  area  protected  by  hot 
gas).  Running  wet  electrical  anti-icing  is  practical  for  engines  having  a  rela¬ 
tively  short  distance  from  the  inlet  lip  to  the  compressor  face.  Because  this 
distance  is  approximately  4  ft.  for  Aircraft  D,  this  type  of  protection  would  be 
impractical.  Running  wet  electrical  anti-icing  may  be  practical,  however,  for 
engines  having  the  engine  face  less  than  2  ft.  from  the  inlet  lip.  (Requirements 
for  this  type  of  protection  were  discussed  in  Section  4. 1. ) 

4. 2. 5.  3  ELECTRICAL  DE-ICING  —  Electrical  de-icing  of  the  engine  inlet  lip 
usually  is  not  practical  for  turbojet  engines  having  axial  flow  compressors  be¬ 
cause  of  their  susceptibility  to  damage  from  ice  ingestion.  However,  electrical 
de-icing  could  be  designed  for  many  engines  having  centrifugal  compressors 
because  this  type  is  less  susceptible  to  ice  ingestion  damage. 
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This  type  of  engine  inlet  protection  would  not  be  practical,  then,  for  Aircraft 
D  because  its  engines  have  axial  flow  compressors.  For  purposes  of  illustration, 
hov/ever,  the  determination  of  requirements  for  cyclic  electrical  de-icing  of  the 
engine  inlet  lip  is  discussed  In  Paragraph  4. 1.  6. 

4. 2.  5. 4  FLUID  ICE  PROTECTION  —  Another  possible  method  of  protection  for 
engine  inlets  is  fluid  anti-icing,  described  in  detail  in  Section  3.  4.  The  amount 
of  fluid  required  to  protect  the  area  described  above  for  the  engine  inlet  of 
Aircraft  D  is  about  170  lb.  per  engine  for  a  1-hr.  duration  of  icing  using  a  50% 
glycol-water  solution.  For  such  a  high  water  catch  condition,  a  solution  with 
higher  glycol  content  than  the  normal  50%  could  be  used.  In  that  case,  the  fluid 
requirements  would  be  considerably  smaller  (as  little  as  40  lb.  per  engine  using 
100%  glycol).  Equation  3. 4. 2  in  Paragraph  3.  4.  2  is  used  to  determine  fluid  re¬ 
quirements  at  a  given  water  catch  rate. 

Lower  fluid  flow  rates  may  be  possible  using  fluid  de-icing,  which  is  de¬ 
scribed  in  Ref.  4.  2-2  and  previously  discussed  in  Section  3. 4.  With  this  type  of 
protection,  there  is  no  attempt  to  prevent  the  formation  of  ice.  Continuously 
supplying  fluid  at  a  somewhat  lower  flow  rate  will  cause  the  ice  formed  to  shed 
periodically,  and  a  steady  de-icing  cycle  will  usually  occur.  A  flow  rate  of  2/3 
pint/hr.  /sq.  ft.  of  projected  frontal  area  has  been  reported  to  be  satisfactory  for 
de-icing  purposes. 

4.2.0  ICE  PROTECTION  FOR  TURBOJET  ENGINE 
COMPRESSOR  NOSE  CONE 

Although  engine  manufacturers  provide  anti-icing  for  the  engine  inlet  guide  vanes 
and  compressor  front  frame,  the  compressor  nose  cone  usually  is  considered  as 
part  of  the  airframe.  Nose  cone  geometry  generally  is  unique  for  each  installa¬ 
tion  of  a  particular  engine.  Once  the  external  geometry  is  defined,  the  heat  and 
air  flow  requirements  may  be  determined  by  the  methods  described  in  Section  3. 
The  only  difference  is  that  conditions  within  the  air  inlet  duct  must  be  used  rather 
than  tree  stream. 


The  nose  cone  usually  is  designed  for  "running  wet"  protection;  that  is, 
surface  temperature  of  35°  or  more  under  all  conditions.  The  entire  surface  is 
heated  sc  that  residual  ice  cannot  form  and  be  taken  into  the  engine.  The 
"Intermittent  Maximum"  icing  conditions  of  CAR-4b  are  usually  used  for  design 
criteria. 

Typical  examples  of  nose  cone  geometry  and  heat  requirements  are  shown 
in  Figures  4.  2-21  through  4.  2-24.  Two  variations  of  nose  cone  anti-icing  sys¬ 
tems  may  be  found  in  current  turbojet  engines. 

In  one  case,  compressor  bleed  is  ducted  t&.  ougi  front  frame  support  struts 
to  a  ring-shaped  manifold.  Air  is  taken  from  this  wa;.xifrld  to  anti-ice  the 
variable-position  inlet  guide  vanes,  and  also  to  anti-ice  che  compressor  nose 
cone.  A  typical  example  is  shown  in  Figure  4.2-21  and  is  called  the  direct  bleed 
type.  Air  is  diverted  into  the  plenum  t)  rouorh  a  supply  tube  containing  a  restrict¬ 
ing  orifices  and  flows  into  capered  gas  pansies,  discharging  into  the  duct  air 
stream  at  the  aft  end.  Variable -depth  gu?s  passages  are  used  to  ensure  adequate 
heat  release  at  the  aft  end  ol  tan  nose  none. 

Typical  flow  requirements  ana  actual  flow  are  shown  in  Figure  4.  2-22  for 
descent,  climb,  and  hold  flight  conditions.  Air  flow  is  marginal  (but  adequate) 
for  descent,  and  is  more  than  adequate  for  the  other  conditions.  The  inlet  gas 
temperatures  are  lower  than  compressor  bleed  temperature  because  of  tempera¬ 
ture  losses  in  the  supply  ducting,  support  struts,  and  manifold. 

For  engines  having  fixed  inlet  guide  vanes,  the  inlet  anti-icing  manifold 
usually  supplies  air  at  the  outer  periphery  of  the  engine.  The  air  then  flows 
inwar  it,  >ugh  the  guide  vanes  and  is  discharged  into  the  compressor  nose  cone. 
The  entire  discharge  air  flow  is  used  to  ami-ice  the  nose  cone;  the  increased  air 
flow  (as  compared  to  direct  bleed)  thus  compensates  for  the  reduced  air  temper¬ 
ature.  Two  flow  arrangements  that  have  been  used  on  military  aircraft  are 
shown  in  Figure  4.  2-23.  Both  systems  gave  satisfactory  results;  however,  the 
arrangement  shown  in  part  (a)  is  somewhat  simpler  to  fabricate. 
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Typical  heating  requirements  and  available  heat  are  shown  In  Figure  4. 2-24 
for  two  values  of  duct  air  total  temperature.  At  low  rpm,  the  heat  available  is 
about  equal  to  the  required  heat;  but  as  rpm  is  increased,  a  substantial  margin 
exists. 

The  design  of  an  adequate  nose  cone  anti-icing  system  usually  has  two 
opposing  design  points.  At  low  rpm  and  air  flow,  adequate  surface  temperature 
must  be  maintained;  however,  at  high  rpm,  the  pressure  drop  through  the  nose 
cone  must  not  be  excessive  as  damage  to  the  guide  vanes  would  result.  Engine 
manufacturers  normally  specify  a  maximum  allowable  back  pressure  in  the 
guide  vanes. 

4. 2.  7  ICE  PROTECTION  FOR  WINDSHIELDS 

Although  there  are  several  possible  methods  of  providing  ice  protection  *or 
transport  windshields,  the  system  currently  In  use  Is  electrical  anti-icing.  The 
installation  of  such  a  system  is  relatively  simple  where  adequate  electric  power 
is  available.  Double-paned  windshields  with  hot  air  emulated  between  the  panes 
have  been  used,  but  installation  is  difficult.  Dirt  between  panes,  noise,  weight 
and  cracking  are  other  possible  problems  Fluid  ant* -icing  i.3  not  in  current 
commercial  use,  possible  because  of  the  weigh,  penalties  ana  servicing  prob¬ 
lems.  Further,  a  uniformly  heated  windshield  may  be  necessary  to  meet  bird- 
impact  requirements,  i»s  discussed  later.  Although  only  the  electrical  anti¬ 
icing  system  is  described  here,  design  procedures  for  hot-air  and  fluid  systems 
are  contained  in  Sections  3  and  4.1. 

The  windshield  arrangement  of  a  typical  multi-engine  transport  is  shewn  in 
Figure  4.2-25,  Icc  protection  *s  needed  for  the  forward  facing  windshields 
(main  and  center),  but  not  for  the  sliding  and  aft  windows  which  are  *t  minimum 
angle  to  the  airstream  and  would  not  collect  ice  An  alternate  arrangement  often 
used  deletes  the  center  windshield  and  increases  the  size  of  the  main  windshields 
In  either  case,  the  conductive  aati-icing  film  or  wire  grid  is  applied  to  the  inside 


of  the  outer  ply  of  glass,  as  shown  in  Figure  4  2-26.  The  film  usually  covers 
only  a  roughly  rectangular  area  of  the  windshield,  as  non-uniformity  of  heating 
and  actual  "hot  spots"  become  a  serious  problem  with  the  high  power  density 
heating  needed  for  anti-icing  (3  to  4  watts/sq.  in.). 

Ar.ti-fog  films,  in  contrast,  are  often  applied  to  non-rectangular  areas.  The 
low  power  densities  (1/2  to  1  watt/sq.  in.)  used  for  anti-fog  tend  to  reduce  the 
problem  of  "hot  spots"  and  attendant  glass  breakage  problems.  For  this  reason, 
the  arrangement  of  Figure  4.2-26  has  been  used  on  at  least  one  jet  transport. 

The  anti-fog  film  may  be  used  to  prevent  fog  and  to  maintain  the  vinyl  at  optimum 
temperature  for  resistance  to  bird  strikes.  Where  the  panel  in  question  is  nearly 
rectangular,  a  single  anti-ice  coating  may  meet  the  requirements  for  anti-icing, 
fog  prevention,  and  maintenance  of  optimum  vinyl  temperature. 

In  the  configuration  of  Figure  4.2-26,  the  anti-fog  and  anti-ice  films  are 
never  used  simultaneously. 

Methods  of  calculating  heat  requirements  were  shown  in  Sections  3  and 
4. 1.  Typical  results  for  a  jet  transport  center  windshield  are  shown  in  Figure 
4.2-27.  For  the  flight  profile  studied,  a  maxir  urn  input  of  1,800  BTU/hr.-ft.2 
was  found  to  be  adequate.  Inward  heat  losses  have  not  been  considered  here  as 
analysis  shows  them  to  be  less  than  5%.  Calculations  were  based  on  buildup  of 
the  air  boundary  layer  from  the  nose  of  the  aircraft.  For  windshields  that  de¬ 
part  abruptly  from  the  fuselage  contour,  a  nev  boundary  layer  starts  at  the  wind¬ 
shield's  base  and  heat  requirements  will  be  higher  (as  described  in  Section  4.1). 

One  of  the  main  problems  associated  with  the  use  of  electrically  heated  wind¬ 
shields  is  inflight  breakage  caused  by  thermal  stress  in  the  glass.  Peplacement 
rates  for  windshields  often  are  several  times  as  great  in  winter  as  in  summer. 

There  are  two  effective  approaches  to  this  problem.  One  is  to  design  the 
heat  inpu-  to  the  minimum  possible  value.  Clear  vision  is  essential  at  low 
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altitude,  but  air  temperatures  associated  with  icing  are  not  likely  to  be  below 

0*F  (see  Section  1).  At  higher  altitudes  where  lower  temperatures  are  found, 

bight  through  icing  would  be  made  on  instruments  and  partial  obstruction  of 

vision  might  be  acceptable.  The  non -uniformity  of  the  conductive  coating  would 

tend  to  prevent  complete  obscuring  of  the  windshield  even  under  marginal  con- 

o 

ditions.  Some  transports  equipped  with  high  (2,300  BTU/hr.  -ft.  )  and  low 
(1,600  BTU/hr.  -f&)  control  settings  have  found  no  need  for  the  higher  setting. 

A  second  approach  (which  can  be  used  in  conjunction  with  the  first)  is  to 
employ  a  power  modulating  control.  Recent  advances  in  static  switching  devices 
have  made  this  an  attractive  method  of  control.  The  alternate  approach,  (uee  of 
a  transformer,  relay,  and  power  contactor)  may  result  in  large  transient  cur¬ 
rents  and  temperature  differentials  that  adversely  affect  windshield  service  life. 

4.  2.  8  ICE  PROTECTION  FOR  RADOMES 

Most  transport  aircraft  now  use  radar  to  avoid  severe  weather  conditions.  The 
radar  commonly  is  housed  in  a  nose  radome  made  of  reinforced  fiberglass. 

Since  ice  formation  on  thv.  radome  affects  radar  transmission,  pneumatic  boot 
de-icing  and  hot  -g?n  anti -Icing  systems  were  developed.  Although  experience 
haa  shown  that  lose  radar  r^nge  from  ice  on  the  radome  is  not  critical  (studies 
show  maxtuium  values  of  about  10%)  this  section  contains  brief  data  on  typical 
pneumatic  boot  and  hot-gas  systems.  Fluid  systems  comd  also  be  used  as  shown 
in  Sect  km  3.  Electrical  systems  »,  ^  not  applicable  because  of  interference  from 
the  heating  element, 

A  schematic  of  a  bleed-air  inflated  pneumatic  boot  system  is  shown  in 
Figure  4.  *-28.  The  system  inflates  ail  tubes  si  the  same  time  whereas  some 
Wi0*  de-icing  bools  inflate  only  half  the  tubes  at  a  time.  This  simplifies  the 
plumbing  sod  valve  arrangement  without  decreasing  de  -icing  effectiveness.. 

Suction  is  provided  by  a  blesd-atr  ejector.  An  electronic  timer  is  used  to 
alit*w  inflation  of  the  boot  for  about  6  sec.  .  once  every  3  rain.  In  a  piston- engine 
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aircraft,  the  system  would  be  similar  except  that  an  engine-driven  pump  would 
provide  pressure  and  suction. 

Details  of  the  de-icing  boot  are  shown  in  Figure  4.  2-29.  The  boot  is  about 
0. 1  in.  thick,  except  in  the  supply  manifold  area  where  it  is  0.  2  in.  thick. 
Greater  thickness  will  give  longer  service  life,  but  will  cause  further  increases 
in  transmission  losses.  The  inflatable  area  extends  aft  22  in. ,  some  10  in.  be¬ 
yond  the  impingement  limit  for  20-micron  droplets. 

If  a  pneumatic  boot  is  not  used,  it  is  advisable  to  use  a  rain  erosion  coating 
over  the  radome,  plus  a  thin  protective  rubber-fabric  erosion  shoe  in  the  nose 
cap  region  where  rain  erosion  effects  ai  *  most  severe. 

Another  method  that  has  been  used  on  several  specific  kinds  of  aircraft  is 
an  air-heated  radome.  Gas  passages  are  formed  by  a  patented  process  of  the 
"lost  wax"  i>p°  as  shown  in  Figure  4.  2-30.  Air  is  fed  from  a  half-circle  supply 
manifold  at  the  rear  of  the  radome,  through  the  passages,  and  into  a  similar 
collector  manifold,  and  Is  dumped  overboard.  An  ejector  system  is  used  to  mix 
compressor  bleed  air  with  ambient  (or  radome  discharge  air). 

Analytical  studies  of  such  a  system  for  Aii  raft  D  showed  that,  with  l/2-in. 
deep  gas  passages,  an  air  flow  rate  of  0.  75  lb.  /sec  was  required.  Of  this. 

0.31  lu./sec.  was  deed  air.  and  0.44  lb. /sec.  was  obtained  from  the  radome 
discharge.  Mixed  air  temperatures  varied  from  175°  F  to  375°  F.  The  system 
is  designed  for  "running  wet"  protection  in  "continuous  maximum"  icing  condi¬ 
tions  of  C  AR-4b. 

The  major  disadvantages  of  the  air-heated  radome  are: 

1.  Complex  geometry,  may  be  costly  to  build, 

2.  Gas  passage  sizes  may  be  compromised  by  radar  transmission  require¬ 


ments. 


3.  Adequate  heat  transfer  at  stagnation  required  a  thin  skin,  whereas  rain 
erosion  considerations  demand  a  thick  skin,  plus  erosion  coating. 

4.  Radorae  strength  n  ay  be  adversely  affected  t>y  heating. 

At  present,  radome  ice  protection  is  not  provided  on  commercial  aircraft, 
because  the  transmission  losses  are  smali  and  do  not  represent  an  unacceptable 
effect  on  range.  Changes  in  technology,  work  on  reduced  landing  minimums, 
etc. ,  could  result  in  a  need  for  ice  protection,  in  which  case  the  foregoing  infor¬ 
mation  will  be  of  use. 

4. 2. 9  ICE  PROTECTION  FOR  MISCELLANEOUS  COMPONENTS 

Any  large  aircraft  has  small  components  that  accumulate  ice  if  not  protected. 
Typical  examples  are  pitot  tubes,  angle  of  attack  indicators,  antennas,  auxiliary 
air  intakes,  stabilizer  mass  balances,  etc.  The  need  for  ice  protection  of  these 
components  can  be  determined  by  answering  the  following  questions: 

1.  Will  ice  accumulate  on  the  object  in  question  and  in  what  amount? 

2.  Will  this  accumulation  adversely  affect  the  component's  function? 

3.  If  the  components  function  is  affected,  will  it  have  an  effect  on  safe 
flight  of  the  aircraft? 

4.  What  is  the  effect  cf  ice  shedding  on  other  components,  such  as  engine 
inlets?  Will  ice  sheading  affect  engine  operation? 

The  methods  of  providing  protection  have  been  discussed  in  Section  3.  The  cur¬ 
rent  practice  for  small,  critical  components  is  application  of  electrical  heat 
applied  to  the  critical  area.  In  the  ease  of  engine  inlet  total  pressure  probes, 
engine  bleed  air  also  has  been  used  successfully  for  anti-icing. 

General  practice  has  been  to  provide  no  protection  for  flush  inlet3  md  vents 
and  for  the  small  antennas  located  on  the  fuselage.  Although  detailed  studies 
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must  be  made  for  each  new  application,  it  is  usually  found  that  the  flush  inlets 
will  not  close  completely  in  icing,  therefore,  protection  is  not  provided.  Static 
ports  located  on  the  fuselage  (if  suitably  far  from  the  nose  of  the  aircraft) 
usually  have  not  been  protected.  Inlets  for  air  conditioning  systems  may  or  may 
not  be  protected  depending  on  whether  ice  formed  on  the  inlet  would  shed  into  the 

heat  exchangers  or  turbocompressors  and  cause  damage.  In  any  case,  where  ice 
protection  is  provided  in  small  components,  effect  of  a  single  failure  should  be 
considered.  In  the  case  of  pitot  tubes,  for  example,  if  the  pilot's  pitot  tube  fails, 
the  copilot's  may  be  used. 

4.  2. 10  ICE  PROTECTION  FOR  PROPELLERS  AND  SPINNERS 
OF  TURBOJET  AIRCRAFT 

Propeller  and  spinner  ice  protection  is  necessary  on  turboprop  aircraft  for  three 
reasons:  (1)  leading-edge  ice  formations  may  cause  a  propeller  efficiency  loss, 
(2)  unsym/netrical  shedding  of  ice  may  result  in  propeller  unbalance,  and  (3) 
large  pieces  of  ice  shed  from  the  propeller  or  spinner  may  be  ingested  by  the 
engine. 

Ice  protection  for  propellers  and  spinners  of  turboprop  aircraft  is  commonly 
provided  by  the  electro-thermal  method.  A  typical  system  of  this  type  is  illus¬ 
trated  in  Figure  4.  2-31  and  is  described  in  detail  in  Ref.  4.  2-4.  Ir.  this  particu¬ 
lar  system,  continuous  (running  wet)  heating  is  pro.ided  for  the  forward  portion 
of  the  spinner;  cyclic  heating  is  provided  for  the  aft  portion  of  the  spinner,  the 
spinner  islands,  and  the  propeller  blade  leading  edges  (to  30-per  cent  radius). 
These  are  the  areas  from  which  ice  would  have  the  greatest  tendency  to  enter 
the  engine.  Propeller  protection  was  extended  only  to  the  30-per  cent  radi  s 
because  ice  formation  was  found  to  be  negligible  beyond  that  point  (because  of 
aerodynamic  heating  and  centrifugal  force  effects). 

For  the  system  illustrated,  the  distribution  of  power  to  the  forward  (anti-ice) 
portion  M  the  spinner  is  shown  in  Figure  4.2-31.  Power  to  this  area  is  varied 
in  steps  from  3.5  to  8  watts/sq.  in.  The  watt  densities  supplied  to  the  cycled 
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areas  are  11  watts/sq.  in.  for  the  aft  portion  of  the  spinner  and  13  watts/sq.  in. 
for  the  spinner  islands  and  propeller  blade  ’’cuffs. "  Heat-on  time  for  these 
cycled  areas  is  20  sec.  and  the  total  cycle  time  is  160  sec.  (Heat-off  time  is 
140  sec, ) 

For  other  configurations,  the  same  principles  may  be  applied  to  obtain 
satisfactory  protection.  Other  methods  have  been  used  in  the  past,  such  as  fluid 
de-ielng  and  hot-gas  anti-icing,  but  have  fallen  into  disuse  because  of  installa¬ 
tion  difficulties,  as  compared  to  the  electrical  system. 

4.  2. 11  EFFECT  OF  ICE  ON  UNPROTECTED  AIRFRAME  COMPONENTS 

The  effect  of  ice  on  unprotected  airframe  components  can  be  estimated  analyti¬ 
cally  as  illustrated  in  Paragraph  4. 1.  3  for  a  tvpical  light  aircraft.  An  estimate 
of  th*  drag  increase  due  to  icing  (and,  therefore,  the  effect  on  aircraft  perform¬ 
ance)  can  be  obtained  for  the  entire  airplane  or  for  any  part  ;ular  component  for 
which  it  is  desirable  to  consider  elimination  of  protection. 

However,  before  protection  can  be  proved  unifcessarv.  flight  tests  must  be 
made  to  show  that  ice  on  the  unprotected  component  will  not  adversely  affect 
aircraft  handling  a  no  :iutter-free  characteristics.  This  can  be  done  in  natural 
Icing,  behiijv.  aa  aerial  tanker,  or  in  dry  air  using  simulated  ice  shapes  made  o' 
wood  or  some  other  materiel.  (See  Section  6  lor  further  discussion  of  testing. ) 
Perhaps  the  mast  practical  method  of  testing  to  determine  the  effect  of  ice  on  the 
unprotected  component  is  the  method  of  clear  3ir  tests  using  simulated  ice. 

Estimates  of  the  shapes  of  simulated  ice  can  be  made  knowing  the  impinge¬ 
ment  limits  and  ice  cross-sectional  area  found  by  the  methods  illustrated  in 
Paragraphs  4. 1.  3  and  4,  1.  4.  For  example,  considering  elimination  of  empen¬ 
nage  protection  for  Aircraft  D  (Figure  4.2-1),  impingement  lin.Us  and  icc  cross- 
sectional  areas  were  found  and  estimates  were  then  made  of  fhe  ice  shapes. 

Typical  examples  of  these  shapes  c re  1  »wn  ui  Figure  4.  2  -32  for  the  mid-span 
location  on  both  the  horizontal  stabilizer  and  vertical  fin.  These  sham's  represent 
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the  most  severe  icing  expected  for  a  hold  condition  of  45  min.  duration  (15  min. 
departure  hold  and  30  mir.  dcstinuticn  hold),  the  criterion  for  elimination  of 
protection.  The  "mushroom"  ice  formation  shown  is  typical  of  glaze  ice  and  is 
a  well-known  phenomenon.  It  is  desirable  to  simulate  this  kind  of  formation 
because  it  would  obviously  have  more  effect  on  aerodynamic  characteristics  ol 
the  airplane  than  would  the  rime  ice  or  glaze-rime  ice. 

To  determine  the  feasibility  of  eliminating  ice  protection  for  the  empennage 
of  Aircraft  D,  it  would  be  necessary  to  conduct  flight  tests  with  wooden  mockups 
of  these  estimated  ice  shapes  attached  to  the  leading  edges  of  the  horizontal 
stabilizer  and  vertical  fin.  From  such  flight  tests,  it  can  be  determined  whether 
aircraft  performance  and  handling  characteristics  would  be  adversely  affected  by 
icing.  In  tests  on  a  current  aircraft  with  simulated  ice  shapes  on  the  tail,  the 
only  significant  effect  was  a  one  per  cent  loss  of  climb  gradient.  Because  the 
climb  gradient  was  far  enough  above  the  minimum  requirements,  the  system  has 
been  removed.  Some  other  aircraft  have  reported  significant  effects  of  empen¬ 
nage  icing  on  handling  characteristics,  particularly  with  flaps  down.  For  each 
new  aircraft,  tests  would  be  needed  to  ascertain  the  need  for  empennage  pro- 
tectic" 

Deletion  of  airframe  ice  protection  equipment  raises  the  question  of  what 
effects,  if  any,  will  result  from  ice  falling  from  leading  edges  as  the  aircraft 
descends  to  warmer  air. 

There  have,  in  fact,  been  a  number  of  reports  of  large  masses  of  ice  having 
fallen  from  the  sky  in  recent  years.  An  article  in  the  June  1960  issue  of  Weather- 
wise  (Ref.  4.2-5)  lists  a  number  of  reported  ice-falls  occurring  from  February 
1953  to  November  1959.  The  origin  of  some  of  these  ice-falls  was  undetermined, 
but  there  was  evidence  that  a  large  number  of  them  actually  fell  from  airplanes. 
Because  ice-falls  of  anywhere  from  10  to  100  lb.  were  reported,  it  was  con¬ 
cluded  in  Ref.  4.2-5  that  it  is  not  likely  that  they  originated  from  aircraft  de¬ 
icing  systems.  By  the  same  token  it  is  r.ct  likely  that  chunks  of  ice  shedding 
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from  unprotected  airframe  components  could  account  for  ice-falls  as  large  as 
those  reported. 

Ref.  4.  2-5  reports  evidence  that  many  of  these  Ice-falls  can  be  attributed 
to  the  external  disposal  of  waste  water  by  certain  commercial  transports  (based 
on  chemical  analysis  of  ice  samples  both  in  this  country  and  in  England).  There 
are  certain  aircraft  which  externally  dispose  of  waste  water  from  the  cabin  and 
galley  washbowls  in  flight.  It  has  been  theorized  that  the  washbowl  exhaust  water 
freezes  and  builds  up  behind  the  exit  port  (while  flying  in  below-freezing  tem- 
oeratures)  and  then  later  breaks  looet  possibly  after  descent  to  warmer  air. 

This  theory  seems  to  be  supported  by  the  high  alkalinity  and  high  solids  content 
discovered  by  chemical  analysis  of  some  ice-fall  samples.  The  British  found 
some  ice  samples  to  be  strongly  perfumed,  and  they  also  detected  the  presence 
of  milk,  sugar,  and  tea  leaves. 

Another  interesting  observation  made  in  Ref.  4.  2-5  was  that  the  geographical 
locations  of  the  reported  ie-falls  we»*2  not  altogether  random.  About  two-thirds 
of  the  ice-falls  reported  occurred  in  a  band  about  200  miles  long  from  south¬ 
eastern  Pennsylvania  to  Long  Island.  It  could  be  that  this  area  is  the  let-down 
area  for  transcontinental  flights  terminating  in  New  York  City,  and  long-distance 
flights  of  transports  carrying  a  large  number  of  passengers  would  most  likely 
yield  the  largest  waste  -water  accumulations. 

Aircraft  of  current  design  either  collect  all  waste  water,  or  discharge  it 
through  strut  drains  well  away  from  the  fuselage.  Thus,  the  problem  of  ice- 
falls  should  bo  alleviated  as  the  older  aircraft  are  retired  or  retro-fitted. 
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Air  Flow  Rates  for  Wing  Anti -Icing,  Hold  Condition 


®  Engine  Bleed  Valve  (Pressure  Regulating/Shutoff) 
x  De-Icing  Valve  (Pressure  Regulating/Shutoff) 


Right-hand  Horizontal 
Stabilizer 


Figure  4.2-6.  Typical  Hot -Gas  De-icing  System  for  Four-Knginc  Transport 
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De-icing  Time  -  Sec. 


Note:  Air  flow  values  are  based  on  use  of  nine 
20-ft.  span  sections  (see  figures)  com¬ 
parable  values  for  anti-icing  are  4  to  6 
times  the  above.  Data  are  based  on  NAC.A 
RME53C27  (reference  4.2-1  ) 


Datum  Temperature  (Iq^),  °F 

Figure  J.2-8.  De-Icing  Time  Vs,  Datum  Temperature  (t  ,  )  for  Two 
Typical  Hot-Gas  De-Icing  Systems  0 
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Figure  4. 2-11 
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Cyclic  Electric  System,  Vertical  Fin  of  Aircraft  D 


f 


0) 

w  O 

0)  TO 

*  *fc 

O  3 

_i  o 


saoeid  £  iPDid^i 


Q.  I 

5  ^ 

CO  OJ 


ro  o 

a  — 

-  TO 

'r-l 

X  > 


_^r  r 

fc  o 

£  * 
&  -O 


i.O'bV 


// 

/ 


</> 

O' 

O 

sz  — 
o*  a 

S  o 

”*  TO 
*-  o 
01  ._ 
-*-»  C 
TO 

flj  X 


<U  c 
2  -2 
J5  Qj 


V 


XX 


Figure  4.  2-13 
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Figure  4.  2-15 


Typical  Wing  Leading  Edge  With  Slat 


figure  4.2-17.  Ice  Accretion  on  Unprotected  Extended  Leading  Edge  Flap 
for  Maximum  Continuous  Tciug  Conditions 


Typical  Double  Skin 
Arrangement 


Secf'or  A  -  A 
Typical  Single  Skin 
Arrangement 


Figure  4.2-18,  Typical  Engine  Inlet  Lip  Anti-Icing  System 
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Total  Heat  Release  -BTU/Hr 
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Double  Skin  Passage 


(a)  Discharge  at  Rear 


Figure  -4.2-23.  T*o  Flow  ,\rrangemenia  for  Compressor  Nose  Cone  Anti-Icng 


Air  fron  Inlet  Guide  Vane  Discharge 


Heating  Rate  -  BTU/Hr.  (HR=W  C  (Tgj- 


Figure  4.  2-24.  Typical  Heating  Rate  Required  and  Available  for 
Compressor  Nose  Cone 
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Figure  4.  2-25,  Typical  Windshield  Areas  to  be  Protected  for  Two 

Windshield  Arrangements  on  Multi-Engine  Transport 


Sensing  Element  -  Anti-ice  Coating. 
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Sensing  Element 
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protected  by  anti -fog 
coating.  Center  wind¬ 
shield  similar,  except 
entire  area  had  anti-ice 
and  anti-fog  protection. 


Vm>!  ^  ^-Inside  Surface 

,  ,  Section  of  Windshield 
(a)  ^,ve  Ply,  Non-Rectangular 

Figure  4.  2-26.  Typical  Main  Windshield  ^ 

Location  of  Conductive  Flfms  and  ,°"StrUCtion  and 

*Ums  Jnd  Si'nsing  Elements 
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Full  Anti-ice  Coverage 


Bus  Bar 


Sensing  FJement 
ArsiHce  Heating  Medium 


/Anti-Ice  surface 


Glass 

Vinyl 


Glass 


Inside  Surface 


(b)  Three  Ply,  Nearly  Rectangular 


Figure  4.2-26,  Typical  Main  Windshield  Showing  Construction  and 
Location  of  Conductive  Films  and  Sensing  Elements 
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Full  Anti -ice  and  Anti -fog  Coverage 


Bus  Bar 


(c)  Five  Ply,  Nearly  Rectangular 


Figure  4.2.26.  Typical  Mam  Windshield  Showing  Construction  and 
Location  of  Conductive  Films  and  Sensing  Elements 
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Surface  Heat  Requlrement-BTU/Hr.  -  Ft, 
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Figure  4.2-30.  Typical  Hot-Air  Anti-Icing  System  tor  Nose  Radome 


4.2-63 


Typical  Propeller  and  Spinner  Ice  Protection  System  for  Turboprop  Aircraft 


4.3  APPLICATION  TO  HELICOPTERS 


CONTENTS 

Nomenclature .  4.3-2 

4.3.1  Summary .  4.3-5 

4.3.2  Introduction .  4.3-5 

4.3.3  Areas  of  Protection .  4.3-6 

4.3.4  Ice  Accretion .  4.3-8 

4.3.5  Thermal  Anti-Icing  Protection  Requirements .  4.3-13 

4.3.6  Fluid  Anti-Icing  Protection  Requirements .  4.3-16 

4.3.7  Description  of  Systems .  4.3-16 

4.3.8  Miscellaneous  Rotor  Ice  Protection  Systems .  4.3-21 

4.3.9  Protection  of  Windshields  and  Miscellaneous  Components  .  .  .  4.3-22 

References  .  4.3-23 

LIST  OF  FIGURES 

4.3- 1  Typical  Helicopter .  4.3-26 

4.3- 2  Chordwise  Extent  of  Icing  on  Main  Rotor  Blade .  4.3-26 

4.3- 3  Rotor  Blade  Ice  Formation  at  Various  Temperatures .  4.3-27 

4.3- 4  Windshield  Ice  Accretion .  4.3-28 

4.3- 5  Rotor  Head  Ice  Accretion .  4.3-28 

4.3- 6a  Rotor  Tangential  Velocity  Versus  Span  Station .  4.3-29 

4.3- 6b  Droplet  Reynold's  Number  Versus  Rotor  Span  Station .  4.3-30 

4.3- 6c  Inertia  Parameter  Versus  Tangential  Velocity .  4.3-31 

4.3- 6d  Modified  Inertia  Parameter  Versus  Rotor  Span  Station .  4.3-32 


4.3-1 


4.3- 7  Droplet  Impingement  Limits  for  20  and  40-Micron  Drop  Sizes  .  4.3-33 

4.3- 8a  Collection  Efficienty  Versus  Rotor  Span  Station . 4.3-34 

4.3- 3b  Water  Catch  Versus  Rotor  Span  Station  .  . . 4.3-35 

4.3- 8c  Anti-Icing  Heat  Requirements  Versus  Rotor  Span  Station  ....  4.3-36 

4.3- 8d  Fluid  Anti-Icing  Flow  Requirements  Versus  Rotor  Span  Station.  4. 3-37 

4.3- 9a  Effect  of  Temperature  Upon  Rate  of  Accretion  and  Ice  Type  .  .  4.3-38 

4.3- 9b  Effect  of  LWC  Upon  Rate  of  Accretion  and  Ice  T;  oe . 4.3-38 

4.3- 10  Typical  Fluid  Ice  Protection  System  Schematic . .  4.3-39 

4.3- 11  F!ow  Pattern  Along  Blade  Span.  . . 4.3-40 

4.3- 12  Stagnation  Point  Location  for  Typical  Main  Rotor . 4.3-41 

4.3- 13  Spanwise  Lleir  onts  for  Chordwise  Shedding . .  4.3-42 

4.3- 14  Chordwise  Elements  for  Spanwise  Shedding . 4.3-42 

4.3- 15  Specific  Energy'  Required  for  Shedding  to  5- ft.  Radius, 

Spanwise  and  Chordwise  Elements . 4.3-43 

4.3- 16  Specific  Energy  T'nauired  for  Shedding  to  4-ft.  Radius, 

Chordwise  Elen . s . 4.3-44 

4.  3-1  7  Energy  Versus  Power  Density  or  Successful  De-Icing, 

Spanwise  Elements .  . 4.3  -45 

4.3- 18  Power-On  Time  Required  for  Shedding  to  5 -ft.  Radius, 

Chordwise  Elements . 4.C-46 

4.3- 19  Power-On  Time  Required  for  Sheddin„  to  5-ft.  Radius. 

Spanwise  Elements . 4.3-47 

4.3- 20  Power-On  Time  Required  for  Shedding  to  5- ft.  Radius, 

Chordwise  Elements . . . 4.3-48 

NOMENC  LATURE 

A  Airfoil  area,  sq.  ft. 

C  Airfoil  chord  length,  ft. 

Coefficient  of  lift,  dimensionless 
Droplet  diameter,  microns 
F„,  Collection  efficiency,  dimensionless 
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Per  cent  depressant  in  depressant- impinging  water  mixture 
Airfoil  projected  height,  ft. 

r  2 

Average  heat  transfer  coefficient,  BTU/hr.-ft.  -°F 
Inertia  parameter,  dimensionless 
Surface  wetness  fraction,  dimensionless 
Modified  inertia  parameter,  dimensionless 
Lift,  lb. 

/  3 

Liquid  water  content,  gm/ m 

2 

Rate  of  evaporation  of  water,  lb. /hr. -ft. 

2 

Rate  of  water  impingement,  lb. /hr. -ft. 

Number  of  rotor  blades 

2 

Heat  transfer  rate,  LfU/hr.-ft. 

Rotor  station  radius,  ft. 

Droplet  Reynolds  number,  dimensionless 

Impingement  limit  on  upper  surface,  ratio  to  chord  length 

Impingement  limit  on  lower  surface,  ratio  to  chord  length 

Undisturbed  free  stream  temperature,  °F 

Surface  temperature,  °F 

Velocity,  mph 

Velocity,  fps 

Helicopter  gross  weight,  lb. 


W 


Local  water  collection  rate,  lb. /hr. -ft.  span 


2 

W  Weight  flow  of  freezing  point  depressant  fluid,  lb. /hr. -ft. 

F 

W  Water  catch  rate,  lb. /hr. -ft.  span 

M 

a  Angle  of  attack,  deg. 

/3  Local  collection  efficiency,  dimensionless 

X/X  Droplet  range  ratio,  dimensionless 

s 

p  Air  viscosity,  slugs/ft. -sec. 

3 

p  Air  density,  slugs/ft. 

I  Summation 

r  through 

t _  Temperature  terms  (NACA  TN  2799),  °F 

5 

oj  Rotational  velocity,  radians/sec. 
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4.3.1  SUMMARY 


Ice  accretion  in  relatively  small  quantities  may  create  severe  hazards  to  a  heli¬ 
copter.  These  hazards  may  be  from  excessive  vibration  caused  by  unsym metrical 
self-shedding  of  ice  from  the  main  and  tail  rotors,  from  ice  impact  damage  when 
self- shedding  occurs  or  from  the  increase  in  airfoil  drag  when  self- shedding  does 
not  occur.  Methods  of  calculating  rotor  airfoil  ice  accretion  rates  are  presented 
in  this  subsection,  along  with  some  referenced  experimental  data. 

Two  Ice  protection  systems  that  have  been  developed  and  tested  for  heli¬ 
copter  rotors  are  described.  The  systems  requirements  and  the  results  of  the 
test  programs  are  presented.  Other  rotor  ice  protection  systems  that  have  been 
investigated  are  described  and  the  limitations  of  the  systems  discussed. 

Additional  areas  of  ice  protection,  such  as  windshield,  engine  inlets,  essen¬ 
tial  instruments  and  rotor  head  mechanisms,  are  described  and  data  presented. 

4.3.2  INTRODUCTION 

Helicopters  with  all-weather  capabilities  have  been  a  development  of  recent 
years.  The  delay  in  all-weather  development  probably  resulted  from  a  lack  of 
all-weather  requirements  for  the  helicopter.  Improvements  in  weight-to- power 
ratios  and  increased  use  of  the  helicopter  in  the  fields  of  search  and  rescue, 
passenger  service,  military  operations,  mail  delivery,  utility  inspection  and 
repair,  and  traffic  control  have  created  the  all-weather  requirements. 

At  first  it  was  thought  that  vibration  and  centrifugal  forces  would  prevent 
appreciable  ice  accretion  on  helicopter  rotors.  This  was  not  *he  case— ice  does 
accrete  and  the  increased  drag  causes  an  increase  in  the  power  requirements  of 
the  helicopter.  On  small  helicopters,  the  increase  in  airfoil  drag  may  be  suf¬ 
ficient  to  force  the  aircraft  to  land,  while  on  larger  helicopters  the  power 
increments  may  or  may  not  be  acceptable.  When  self- shedding  does  occur,  it  is 
usually  asymmetrical,  and  this  causes  an  unbalance  that  may  result  m  severe 
vibration. 


4.3-5 


4.3.3  AREAS  OF  PROTECTION 


The  helicopter  shown  in  Figure  4.3-1  is  considered  typical  and  will  be  used 
throughout  this  subsection  to  illustrate  areas  that  may  require  protection. 

The  rotor  on  a  helicopter  is  essentially  a  small-scale  airfoil.  Ice  accretion 
on  an  airfoil  will  result  in  adverse  aerodynamic  effects  caused  by  the  distortion 
to  the  airfoil  geometry.  The  magnitude  of  these  effects  will  be  greater  on  a 
small-scale  airfoil  because  of  a  given  thickness  of  ice  represents  a  proportionally 
greater  distortion  to  the  geometry;  further,  the  small-scale  airfoil  has  a  greater 
catch  efficiency.  Because  of  these  considerations,  the  rotor  blades  on  a  heli¬ 
copter  will  be  far  more  critical  than  the  wings  of  an  airplane  with  respect  to 
loss  of  efficiency  due  to  the  presence  of  ice. 

Ice  collection  on  the  main  rotor  airfoils  follows  the  usual  airfoil  collection 
patterns.  From  observation,  it  has  been  found  that  ice  collection  on  the  airfoil 
is  confined  to  approximately  9  per  cent  of  chord  on  the  upper  surface  and  ap¬ 
proximately  22  per  cent  of  chord  on  the  lower  surface  (Ref.  4.3-1).  This  is 
illustrated  in  Figure  4.3-2;  typical  ice  collection  shapes  are  shown  in  Figure 
4.3-3.  In  a  s panwise  direction,  the  ice  protection  system  should  begin  at  the 
inboard  station  where  ice  accululation  is  significant  and  extend  to  the  point  at 
which  self-shedding  will  occur.  Typical  systems  may  extend  from  the  root  to 
75  per  cent  span,  or  from  25  per  cent  span  to  tip;  depending  on  rotor  design, 
rotor  rpm,  and  design  icing  conditions.  Spanwise  variation  of  ice  accretion  for 
a  typical  rotor  is  illustrated  in  Figure  4.3-3. 

The  tail  rotor  is  similar  to  a  light  airc’^ft  propeller  in  size  and  rotational 
speed.  Its  prime  function  is  to  counteract  torque  created  by  the  main  roto:  ; 
therefore,  drag  or  loss  of  efficiency  is  not  critical.  The  tail  rotor  may  require 
ice  protection  to  prevent  large  ice  accumulation*  from  self  shedding  and  creating 
hazards  to  other  components  through  severe  vibration  and  flying  ice  particles. 


Another  area  that  normally  will  require  ice  protection  is  the  windshield. 
Windshield  ice  accretion  rates  will  vary  with  the  mode  of  flight,  windshield 
location,  windshield  shape  and  many  other  factors  that  make  generalizations 
impossible.  A  windshield  ice  protection  system  should  be  designed  for  the 
most  critical  condition  for  the  particular  installation.  An  example  of  wind¬ 
shield  icing  during  hover  in  freezing  rain  (with  no  protection  system)  is  shown 
in  Figure  4.3-4. 

Other  areas  of  a  helicopter  that  may  require  ice  protection  are  the  rotor 
head  mechanism,  air  inlets  and  essential  instruments. 

The  rotor  head  mechanism  is  not  likely  to  freeze  up  during  flight  or  mal¬ 
function  if  the  mechanism  is  actuated  frequently.  But,  If  icing  is  a  hazard  to 
the  mechanism,  then  a  simple  windscreen  or  some  de-icing  system  may  be 
necessary.  An  example  of  rotor  head  icing  is  presented  in  Figure  4.3-5. 

Propulsion  system  ice  protection  may  consist  of  inlet  screen  anti-icing 
and  turbine  engine  inlet  anti-icing.  On  one  flight  test  program  involving  a 
light,  turbine-pou-ered  helicopter,  the  inlet  screen  Iced  in  a  waffle  pattern  and 
caused  approximately  15  per  cent  air  blockage.  The  total  open  area  of  the  inlet 
screen  was  twice  the  engine  inlet  area;  consequently  the  ice  blockage  did  not 
affect  the  engine  performance.  This  area  ratio  may  not  always  be  the  case,  and 
Icing  on  an  inlet  screen  may  cause  sufficient  blockage  to  affect  engine  perfor¬ 
mance.  Other  inlet  screens  for  compartment  cooling,  carburetor  inlets,  etc. , 
may  require  ice  protection. 

Essential  instruments  which  require  air  flow  past  a  sensor  will  be  affected 
by  ice  accretion  and  should  bo  ice-protected.  Static  pressure  ports  should  be 
located  in  an  area  free  of  Ice  accretion. 

The  degree  of  ice  protection  given  any  component  will  depend  upon  the 
available  power  and  the  critical  nature  of  potential  ice  accretion. 
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4.3.4  ICE  ACCRETION 


The  main  rotor  of  a  helicopter  may  be  compared  to  the  wing  of  a  fixed-wing 
aircraft;  it  differs  chiefly  in  that  the  air  velocity  across  the  rotor  blade  varies 
with  uie  distance  from  the  hub.  In  hover,  the  velocity  varies  from  zero  at  the 
hub  to  a  maximum  at  the  tip.  In  forward  flight,  the  tangential  velocity  near  the 
hub  on  the  retreating  blade  may  be  less  than  the  forward  flight  velocity,  result¬ 
ing  in  a  negative  relative  velocity  on  that  portion  of  the  blade.  On  the  advancing 
blade,  the  relative  velocity  will  be  a  summation  of  tangential  velocity  and  for¬ 
ward  flight  velocity.  Under  these  conditions,  ice  accretion  —  which  is  a  func¬ 
tion  of  velocity  —  will  vary  from  the  hub  to  the  rotor  tip  (Ref.  4. 3-1). 

Ice  accretion  calculations  are  presented  for  the  hover  condition  since  it  is 
the  more  critical.  During  hover,  the  rotor  blade  is  nearly  at  its  highest  angle 
of  attack  and  hover  power  requirements  are  exceeded  only  by  vertical  ascent 
requirements.  To  calculate  the  impingement  limits  and  water  catch,  the  follow¬ 
ing  conditions  are  assumed.  (These  calculation  techniques  should  be  typical 
for  helicopters  of  any  size.) 

Airfoil:  NACA  0015  (assumed  constant  from  root  to  tip). 

Chord  (C):  12  in.  (assumed  constant  from  root  to  tip). 

Rotor  radius  (r):  18.6  ft. 

RPM  at  hover:  333  rpm. 

Area  of  one  rotor 

blade  (A):  18.6  sq.  ft. 

Number  of  blades 

(n):  2 

Helicopter  gross 

weight  (W).  2.300  1b. 

Altitude  Sea  level. 

Ambient 

Temperature:  17*  F  (most  probable  icing  temperature  at  sea  level  is 

26*  F.  At  26*  F  much  of  the  outer  portion  of  span  would 
be  ice-free.  See  Figure  4.3-3.) 
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20  ami  40  microns 


Droplet  diameter 
(D|): 

IAVC:  0.  10  gm/m‘*  (Figure  1-26;  20-micron  droplet). 

Air  density  O'):  0.00259  slug  /cu.  ft. 

“6 

Air  viscosity  (jj  ):  0.350  x  10  slug/ft. -sec. 

The  20-micron  droplet  diameter  is  assumed  for  water  catch  calculations; 
the  40-micron  droplet  diameter  is  assumed  for  impingement  limit  calculation. 

The  first  calculations  arc  for  determining  the  lift  of  the  rotor  so  that  rotor 
angle  of  attack  and  airfoil  projected  frontal  height  may  be  determined: 

2 

L  =  VV  ■  1/2  />  V  C  A  n 

Li 

The  tangential  velocity  is  a  function  of  the  rotor  span  station.  To  deter¬ 
mine  the  lift,  it  will  be  necessary  to  integrate  the  expression  with  respect  to 
span  station  (radius)  from  the  rotor  hub  to  the  blade  tip. 

f)L  =  1/2  p  V2  C,  <)  A  n 

Li 

Converting  velocity  and  area  into  terms  of  radius  and  rotational  velocity 
0L  =  1/2  />  (wr)2  CL  (dr)  Cn 


Rearranging  terms: 

<)L  =  |  n  1/2  p  a.-2  CL  C  ] 

2 

r  dr 

i  2 

£«JL  *  1  n  1/2  />  a>  Cj  C 

|  r2dr 

L  =  In  1/2  p  u:  C  C 

8  L  • 

fT  2 

1  r 

J 

o 

L  =  |  n  1/2  p  u.2  C  ] 

r3/3 

Substituting  in  numbers  and  solving  for  C 

Li 

c  _ _ (.1)(2300) _ _ 

L  (0. 00259) (0. 1047  x  333)2  (1)  (18. 6)3 
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K  *  G.0078U 


A  plot  01  the  inertia  parameter  versus  velocity  is  presented  in  Figure  4.3-6c 
for  the  20  and  40-micron  droplets. 

The  modified  inertia  parameter  is  expressed  as 

K  =  K(A/A  ) 
o  s 

This  parameter  is  plotted  in  Figure  4.3-6d. 

Using  a  15  per  cent  Joukowski  airfoil,  the  limits  of  impingement  for  the 
upper  and  lower  surface  can  be  found  from  Figure  11  of  NACA  TN  3839  (Ref. 
4.3-3)  or  from  Section  2  of  this  report.  The  results  are  plotted  in  Figure  4.3-7. 

The  ratio  of  projected  airfoil  height  to  chord  obtained  from  NACA  TN  3839 
(or  Fig.  2-3)  for  a  15  per  cent  Joukowski  airfoil  at  a  5.0°  angle  of  attack  is 

h/C  =  0. 162 

The  collection  efficiency  can  be  estimated  from  Section  2  of  this  report. 

As  collection  efficiency,  E^,  is  a  function  of  the  modified  inertia  parameter, 

K  ,  it  will  vary  with  span  station.  The  results  for  this  example  are  presented 
in  Figure  4.  3-8a. 

Water  catch  is  a  function  of  velocity  and  collection  efficiency,  and  is 
expressed  as 

WM  =  0.329  (U)(L\VC)(h/C)  (C)  (EM) 

3 

For  this  calculation,  an  LWC  of  0.46  gm/m  will  be  used.  This  is  deter¬ 
mined  from  Section  1,  Figure  1-26  for  a  20-micron  droplet  diameter  and  17®F 
temperature. 

WM  =  0.0245  (U)(E  )  lb. /hr. -ft.  span. 

JVI  M 

A  curve  of  water  catch  versus  span  station  is  presented  as  Figure  4.3-8b. 
The  determination  of  local  water  collection  rate,  W  ,  along  the  line  of 

P 

P  max  is  illustrated  by  the  following  calculation  using  the  previously  given 
conditions. 
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Using  me  mcxiified  inertia  parameters  from  Figure  4.3-Sd,  the  local  col¬ 
lection  efficiency,  p.  is  obtained  from  an  extrapolation  of  Figure  9  of  NACA 

TN  3839.  The  local  water  collection  rate  for  p  ,  therefore,  is 

max 

Wfl  -  0.3290  (U)(LWC) 

pmax  max  ' 

Wfl  «  0.323(3  (U)  (0.46  gm/m3) 

max  max 

The  results  of  this  calculation  versus  span  station  are  from  11  lb.  /hr.  -sq.  ft. 
at  span  station  4. 65  to  50  3  lb.  /hr.  -sq.  ft.  at  the  tip. 

Values  of  local  collection  rate  can  also  be  found  for  different  chordwise 
locations  on  the  airfoil  and  plotted  versus  distance  from  zero  chord  at  each 
span  station  for  the  various  droplet  sizes.  These  curves  will  assist  the 
designer  In  determining  the  chordwise  extent  to  which  ice  protection  is  desired 
at  each  span  station.  As  ice  accretion  is  detrimental  to  helicopter  perfo nuance, 
the  ice  protection  will  probably  extend  to  approximately  the  40-micron  droplet 
Impingement  limits.  These  limits  extend  from  7  to  9.  5  per  cent  of  chord  on 
the  upper  surface  and  from  29  to  35  per  cent  of  chord  on  the  lower  surface ,  as 
illustrated  in  Figure  4.3-7. 

The  above  calculations  determine  the  rate  and  limits  of  water  impingement 
on  the  rotor  blade  and  as  such  are  of  value  m  determining  the  anti-icing  re¬ 
quirements.  However,  because  of  kinetic  heating  effects,  not  all  of  this  water 
catch  is  necessarily  turned  into  ice.  This  heating,  being  a  function  of  velocity, 
increases  with  span  station  and  may,  depending  on  ambient  temperature,  liquid 
water  content,  etc.  ,  result  in  some  of  the  water  catch  flowing  away  from  its 

Immediate  area  of  impingement  and  freezing  to  either  side  of  the  line  of  p_av, 

max 

or  may  even  result  in  some  or  all  of  the  water  catch  being  biown  off  the  rotor 
blade  before  freezing  (tee  ice  urination  at  -2.  5*C  in  Figure  4  3-3).  Thus  at 
temperatures  higher  than  about  -8*C  no  »ce  forms  at  the  blade  tip,  and  the 
•panwise  extent  cf  icc  progressively  decreases  as  the  temperature  Increases 
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above  this  limiting  value.  Consequently,  it  is  found  that  the  rate  of  ice 
accretion  (and  hence  ice  thickness)  at  the  line  of  0max  and  the  ice  shape 
varies  with  span  station  in  the  manner  shown  in  Figure  4. 3-9,  the  curves  of 
which  were  calculated  for  an  equivalent  cylinder  having  the  same  /3max  as  an 
NACA  0012  airfoil  section  of  16.4  in.  chord.  In  practice,  it  has  been  found 
that  the  chordwise  extent  of  icing  on  both  the  top  and  bottom  of  the  blade 
actually  diminishes  rather  than  Increases  toward  the  blade  tip,  as  shown  in 
Figure  4.3-7;  thus  it  is  regarded  that  the  antf-icing  requirements  based  on 
the  calculated  extents,  as  in  Sections  4. 3. 5  and  4.3,6  are  conservative. 

4.3.5  THERMAL  ANTI-ICING  PROTECTION  REQUIREMENTS 

To  calculate  the  heat  required  for  anti-icing  the  rotor  airfoil,  it  will  be 
assumed  that  ice  protection  will  extend  from  9  per  cent  chord  on  the  upper 
surface  to  35  per  cent  chord  on  the  lower.  The  results  will  give  a  conservative 
figure  in  that  the  rotor  does  not  have  a  constant  angle  of  attack  for  full  span  and 
other  factors  will  affect  the  ice  accretion.  Based  on  these  figures,  the  wrap¬ 
around  on  the  upper  surface  will  be  1.08  in.  and  4. 20  in.  on  the  lower  surface  ~ 
a  total  wrap-around  of  5. 28  in.  This  gives  a  protected  area  of  0.44  sq.  ft.  per 
foot  of  span. 

Using  the  method  described  in  Paragraph  3.5.2,  the  heat  transfer  coeffi¬ 
cients  for  the  airfoil  may  be  calculated  for  several  spanwise  stations.  An 
average  value  may  then  be  selected  for  each  span  station,  and  a  plot  of  the 
average  heat  transfer  coefficient,  ha,  versus  span  station  can  be  made.  Next, 
the  water  impingement  rate,  Mw>  is  calculated  by  dividing  the  water  catch, 

WM  (Figure  4.3-8b)  by  the  heated  area  per  foot  of  span  (0.44  sq.ft,  per  ft. 
of  span). 
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These  values  lor  various  span  actions  are  used  vo  enter  Figures  j-18a  and 
3-!8b  to  determine  the  anti-icing  heat  requirements. 


An  example  for  sprin  station  12  would  be: 


Span  Sta. 

h 

a 

T* 

12  3.33 

7.57 

80 

0.095  8.5 

7g  -  1066  (M^A^  ♦  r4 

lMw  = 

for  an  evaporative  system) 

t$  -  108. 8*  F 

therefore  t  *  84.3*  F,  from  Figure  3-18b 
t  -  t  =  67. 3® F 

3  O 

r  «  73.0*F,  from  Figure  3- 18a 

i 

r  "•  14.0°F,  from  Figure  3- 18a  and  velocity  for  span  sta.  12 

t5  =  0*F  (assuming  local  etatic  pressure  is  equal  to  freestream 
pressure)  Figure  3- 18b 

t  =  8.5°F 

4 

The  hoat  transfer  rate  is 

q"ha[(Tl-  T2)+Kw(T3'r4)+  TS. 

(K^  is  assumed  *o  equal  1.0  in  the  impingement  area.) 

q  =  (80  BTtf/hr.-sq.  ft.*F)(73.0  -  14.0  +  109.9  -  8.5) 

q  =  12,824  BTU/hr.-sq.  ft. 

or  5,645  BTU/hr.  per  foot  of  span. 

The  results  for  the  full  span  are  presented  in  Figure  4.3-8c. 
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From  Figure  4,3~8o  it  can  be  seen  that  several  difficulties  may  e  ncountered 
in  designing  a  hot  gas  anti-icing  system  for  helicopter  rotors.  One  Jiificulty  lies 
in  supplying  the  heat  requirement  of  the  rotor  tip.  Meeting  the  tip  neat  require¬ 
ments  may  cause  the  gas  temperatures  at  the  rotor  hub  to  be  excessive,,  Cor  roe  ion 
may  also  be  u  serious  problem  if  the  use  of  exhaust  gases  is  contemplated. 

The  heat  requirements  of  Figure  4. 3-8c  also  apply  to  an  electro-thermal 
system.  Ideally,  an.  electro-thermal  heating  mat  would  have  the  power  densities 
vary  with  the  requirements.  From  a  manufacturing  standpoint,  this  may  be 
impractical.  An  alternative  is  to  divide  the  blade  into  sections  of  nearly  equal 
total  power  requirements.  Each  section  then  would  have  a  power  density  equal 
to  the  maximum  power  density  required  for  any  part  of  that  section.  For 
example,  if  each  blade  were  divided  into  three  sections  each  requiring  the  same 
total  power,  then  the  divisions  might  be: 

a.  From  span  station  4.65  to  10.7  with  the  power  density  requirements 
of  station  10.7  uniform  throughout.  Total  power  requirements  for  this  section 
then  would  be  31,000  BTU/hr. 

b.  From  span  station  10. 7  to  15. 1  with  the  power  densities  of  station  15. 1 
uniform  throughout  for  a  31,000 -BTU/hr.  total. 

c.  From  span  station  15. 1  to  18.6  with  the  power  density  of  station  18.  6 
uniform  throughout  for  a  total  of  31,000  BTU/hr. 

The  power  density  for  each  section  would  then  be: 

a.  Station  4.65  to  10.7  —  23.7  watts/sq.  in. 

b.  Station  10.7  to  15.1  —  32,6  watts/sq.  in. 

c.  Station  15. 1  to  18.6  —  41.0  walts/sq,  in. 

The  total  for  both  blades  would  then  be  54.  5  kw.  Also,  the  power  density 

of  each  section  may  cause  excessive  temperatures  at  the  inboard  part  of  the 
section.  Increasing  the  number  of  sections  would  (1)  reduce  the  total  power 


4. 


required  by  ford  aging  the  stepwise  power  input  curve  closer  to  the  power  required 
curve,  and  (2)  world  reduce  thu  possibilities  of  overheating.  However,  this 
would  complicate  the  design  and  manufacture  of  the  beaters  and  the  ixjwer  re¬ 
quired  would  still  be  excessive. 

4.3.6  FLUID  ANTI-ICING  PROTECTION  REQUIREMENTS 

An  approximation  of  the  amount  of  fluid  required  for  anti-icing  a  rotor  blade 
can  be  found  from  Equation  3.4. 1  of  Paragraph  3.4.2.  This  equation  assumes 
perfect  fluid  distribution  jind  If  used  with  ambient  temperature  rather  than  datum 
temperature  (cue  Figure  3-9)  does  not  take  into  account  the  kinetic  heating  and 
evaporative  effects,  which  will  be  quite  prominent  on  the  outer  portions  of  the 
blades.  But  it  can  be  used  as  shown  hi  the  following  analysis  to  give  a  useful 
flrnt  estimate  of  the  fluid  requirements  for  a  system  designed  tc  0*F  ambient 
temperature.  The  freezing  point  depressant  fluid  found  best  for  use  on  rotor 
blades  and  commonly  used  on  helicopters  in  the  U.  S.  and  the  USSR  is  a  mixture 
of  90%  (bv  volume)  of  denatured  ethyl  alcohol  and  10%  glycerine.  Using  this 
fluid  as  an  example.  Figure  3-9  shows  that  the  mixture  of  impinging  water  and 
anti-icing  fluid  that  will  depress  the  freezing  point  to  0*F  is  30.5%  (by  weight) 
of  the  fluid  mixture.  The  equation  then  becomes 

30.5  M,., 

W„  «  — rr  rr~~r  *  0.41  M 
F  iOtV-30.5  W 

(This  equation  is  based  on  0#F  ambient  temperature,  nsgleclhtg  kinetic 
temperature  rise  and  evaporation,  and  assuming  ideU  fluid  distribution). 

Eoice  is  a  of  sp?n  station,  the  fluid  requirements  also  vary 

with  span  as  shown  in  Figure  4.3~8d.  Summing  up  the  flow  along  the  blade  from 
4.6~fL  radius  to  the  tip  and  doubling  the  value  for  both  blade  requirements  gives 
a  total  flow  ot  about  39  lb., Air. 


4.3-16 


4.3.7  DESC  W  PTION  OF  S YST E  MS 


4.3. 7.1  Anti-Icing  Systems  —  The  only  anti-icing  systems  that  have  been 
developed  for  helicopters  are  fluid  systems.  References  4.3-1  and  4.3-4  give 
descriptions  of  some  cf  these. 

A  typical  fluid  ice  protection  system  schematic  is  presented  in  Figure  4.3-10. 
The  components  and  weight  of  the  system  are  comparable  to  that  required  for  a 
light  airplane.  See  Paragraph  4.1.4. 1,  Section  4.  The  main  rotor  may  be 
divided  into  sections  with  each  section  having  a  supply  tube  connected  to  the 
ma.n  rotor  slinger  ring.  Tube  sizing  or  restrictions  within  the  tubes  may  be 
used  to  control  and  balance  the  flow  to  each  section.  Figure  4.3-19  shows  the 
effect  of  supply  tube  sizing  in  one  test  program. 

When  a  fluid  is  distributed  to  a  main  rotor  ice  protection  system,  several 
forces  are  acting.  One  is  centrifugal  force  which  causes  the  fluid  to  flow  from 
the  slinger  ring  toward  the  rotor  tip.  Since  the  supply  tubes  are  forward  of 
the  rotor  axis,  ti.e  centifugal  force  acting  on  the  fluid  in  the  tubes  will  have  a 
chordwisc  component  tending  to  force  the  fluid  toward  the  leading  edge.  This 
component  may  be  considered  essentially  constant  for  the  full  span. 

Another  force  acting  upon  the  fluid  as  it  flows  toward  the  tip  is  a  Coriolis 
force.  This  is  the  force  that  accelerates  the  fluid  tangentially  as  it  moves 
radially  out  the  blade.  The  more  rapid  the  radial  movement,  the  greater  the 
Coriolis  force.  This  effect  is  illustrated  in  Figure  4.3-11. 

The  variation  in  fluid  flow  rates  shown  in  Figure  4.3-11  for  the  various 
tube  sizes  can  be  explained  as  follows:  With  a  small  tube,  the  flow  is  restric¬ 
ted  and  the  fluid  is  expended  from  the  first  few  inboard  holes.  As  the  tube  size 
increases,  the  various  forces  are  balanced  in  a  manner  as  to  give  even  distri¬ 
bution  along  the  span.  With  the  larger  tube,  some  of  the  fluid  w.Il  flow  from 
the  inboard  holes.  As  the  rest  of  the  fluid  is  accelerated  radially,  the  Coriolis 
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force  exceeds  the  chordwise  component  of  centrifugal  force  and  no  fluid  will 
flow  out  of  the  leading  edge.  At  the  tip,  where  the  fluid  is  decelerated  radially, 
it  again  will  flow  toward  the  leading  edge  and  out  through  the  holes. 

Ideally,  the  freezing  point  depressant  fluid  should  wet  the  entire  protected 
area.  With  a  hole  distribution  system  this  is  impractical  (even  with  equal 
distribution  of  fluid  through  the  holes),  while  it  may  be  feasible  with  the  porous 
metal  distributor. 

Using  a  hole  distribution  system,  a  multiple  row  of  spanwise  holes  are 
necessary  to  accommodate  the  changes  in  rotor  angle  of  attack.  Spacing  of  the 
rows  of  holes  should  he  kept  to  a  minimum  to  reduce  the  ice  formation  between 
the  rows,  yet  wide  enough  to  span  the  variations  in  stagnation  line.  Figure 
4.3-12  illustrates  the  variation  of  stagnation  line  on  a  typical  helicopter  and  a 
suitable  chordwise  location  of  the  distribution  holes.  Spanwi3e  spacing  of  the 
holes  should  also  be  close  enough  to  prevent  ice  formation  between  holes.  Re¬ 
sults  reported  in  Ref.  4.3-1  indicate  that  a  hole  spacing  of  1-3/16  in.  gives 
satisfactory  results.  Closer  spacing  did  not  improve  performance  appreciably. 

In  these  systems  the  fluid  can  be  flowed  continuously  or  u  can  be  cycled. 

In  the  cyclic  method  the  fluid  is  turned  off  for  short  periods  (no  more  than  30 
seconds)  duriug  the  icing  encounter  to  conserve  fluid.  Dur  ing  the  time  the 
fluid  is  off,  the  residual  fluid  left  on  the  blade  from  the  previous  "on”  cycle 
prevents  ice  from  building  up  on  the  blade,  both  by  depressing  the  freezing 
point  and  by  preventing  any  ice  that  does  form  from  adhering  solidly  to  the 
to  the  blade.  The  system  in  Reference  4.3-1  uses  a  cycle  of  30  sec.  fluid  on  - 
30  sec.  off.  This  method  is  used  instead  of  a  continuous  lower  flow  rate  because 
good  distribution  of  the  fluid  along  the  blade  cannot  be  maintained  at  low  flow 
rates. 
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Because  of  the  slow  reaction  of  a  fluid  system  and  the  critical  nature  of  ice 
accretion,  certain  operating  techniques  are  recommended.  Before  entering 
icing  conditions,  the  system  should  be  turned  on  to  wet  the  protected  surfaces. 
This  acts  as  an  adhesion  and  freezing  point  depressant.  Each  succeeding  "on" 
cycle  should  begin  with  the  first  sign  of  ice  accretion.  It  has  been  recommended 
(Ref.  4.3-i  and  4.3-4)  that  two  different  flew  rates  be  provided;  one  for  initial 
wetting  o~  light  icing  conditions  and  the  other  for  severe  icing.  For  a  continuous 
fluid  flow  system  a  low  and  a  high  flow  rate  can  be  used.  For  a  cyclic  system 
either  two  different  flow  rates  can  be  used  or  the  system  can  be  cycled  on  and 
off  for  light  icing  and  run  continuously  at  the  same  flow  rate  for  severe  Icing. 

Fluid  (the  alcohol-glycerine  mixture  previous  mentioned)  flow  rates  for  the 
cyclic  system  tested  in  Reference  4.3-1  are  0.0503  lb. /min. -ft.  span  for 
intermittent  flow  (30  sec.  on  30  sec.  off).  For  a  35-ft.  span  the  intermittent 
flow  rate  would  be  about  1.75  lb. /min.  or  a  total  of  53  lb. /hr.  For  continuous 
flow  the  rate  would  be  106  lb. /hr.  Rates  quoted  in  Reference  4.3-4  are  2.66  lb./ 
min.  (0.044  lb. /min. -ft.  span)  preliminary  flow  and  3.9  lb. /min.  (0.065  lb./ 
min. -ft.  span)  high  flow  lor  heavy  icing  condictions.  This  latter  system  was 
not  cycled  on  and  off. 

4. 3. 7. 2  DE-ICING  SYSTEMS  —  Two  types  of  de-icing  system  have  been  proposed 
for  helicopter  application:  thermal  and  fluid  freezing  point  depressant.  Both 
systems  to  function  effectively  would  allow  a  limited  amount  of  ice  accretion, 
then  rapidly  remove  the  ice  with  minimum  runback  ice  formation. 

With  a  thermal  system,  activating  the  de-icing  cycle  with  too  little  ice 
accretion  causes  runback  ice  formation.  Excessive  ice  accretion  before  de¬ 
icing  increases  the  hazards  of  drag  increase  and  vibration.  With  the  fluid 
system,  runback  is  not  likely  to  form,  but  excessive  use  of  fluid  with  very  little 
ice  accretion  would  be  uneconomical.  Permitting  excessive  ice  formation  before 
activation  of  the  de-icing  cycle  causes  the  same  hazards  as  the  thermal  system. 
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Because  of  Its  importance  the  Thermal  De -Icing  System  is  described  separately 
In  Section  4 . 3 . 7 . 3 . 

A  fluid  de-icing  system  would  function  by  applying  a  freezing  point  depressant 
fluid  to  the  ice-airfoil  interface,  thus  weakening  the  ice  bond  to  the  surface  to 
permit  aerodynamic  or  centrifugal  forces  to  remove  the  ice.  Fluid  can  be 
supplied  to  the  blade  surface  by  using  a  porous  metal  distributor  (Ref.  4.3-5) 
or  closely  spaced  holes  along  the  stagnation  line.  However,  it  has  been  found 
on  several  helicopters  that  the  hole  distribution  system  is  not  effective  in  re¬ 
moving  ice  once  an  appreciable  amount  has  built  up  on  the  blade.  The  fluid  just 
makes  narrow  passages  in  the  ice  deposit  and  runs  out  through  them  while  the 
other  parts  of  the  surface  remain  still  covered  with  ice.  A  porous  metal 
distributor  should  be  more  promising  for  de-icing  applications  because  of  its 
more  uniform  fluid  distribution,  but  there  are  no  test  program  results  except 
for  a  note  in  Reference  4.3-4  that  a  porous  metal  distributor  became  clogged 
very  rapidly. 

Experimental  investigations  of  thermal  de-icing  systems  indicate  that, 
depending  on  the  particular  helicopter,  approximately  1/8  to  1/4-tn.  ice  accretion 
at  the  midpoint  on  the  rotor  is  the  optimum  thickness  for  shedding  As  it  is 
impossible  to  observe  ice  build-up  on  the  rotor,  a  remote  icing  indicator  is 
desirable.  Several  such  devices  have  been  tested  and  are  discussed  in  Section  5 
of  this  report. 

Several  problems  have  been  encountered  in  selecting  a  location  for  ice 
detection  on  a  helicopter.  The  ice  accretion  rate  on  the  rotor*?  is  more  rapid 
than  on  other  parts  of  a  helicopter  because  of  the  rotor  speed  and  shape.  Mounting 
an  ice  detector  on  the  fuselage  would  require  a  very  s>’..6itive  instrument  capable 
of  detecting  conditions  that  would  cause  rotor  icing.  Counting  a  -Meet or  on  the 
rotor  where  less  sensitivity  is  required  presents  the  problem  of  signal  trans¬ 
mission  through  the  rotor  hub.  The  spanwise  location  of  the  detector  on  the 
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rotor  blade  is  also  a  problem.  Icing  rates  and  ice  shapes  will  vary  with  span 
on  the  rotor,  depending  upon  the  ambient  temperature  and  LWC.  zThls  is 
illustrated  in  Figures  4.3-3,  4.3-9a  and  4.3-9b.  The  midpoint  of  the  rotor  is 
usually  selected  as  a  compromise  location  for  detector  mounting  since  icing 
occurs  there  under  nearly  all  icing  conditions. 

4. 3.7.3  Thermal  De-Icing  System  —  Of  the  two  sources  of  thermal  energy  — 
hot  air  and  electricity  —  only  electricity  is  currently  in  use  for  helicopter  de¬ 
icing  systems.  Hot  air  has  been  considered  and  some  development  work  has 
been  performed,  but,  as  yet,  the  system  has  not  been  put  to  use. 

Electrical  de-icing  heating  elements  for  helicopter  application  are  similar 
to  those  dc  jeribed  in  Paragraph  3.6. 1. 1  of  Section  3.  The  elements  are  either 
bonded  to  or  built  into  the  airfoil  leading  edge.  The  protected  surfaces  of  the 
airfoil  are  divided  into  several  shedding  zones,  which  may  be  oriented  either 
spanwise  or  chordwise  as  illustrated  in  Figures  4.3-13  and  4.3-14.  No  parting 
strips  are  necessary  foi  rotor  !e-icing  since  centrifugal  forces  will  normally 
remove  the  ice  one  >  *.ho  surface  bond  is  broken.  Only  the  spanwise  system  is 
currently  in  use. 

Comparative  tests  of  spanwise  and  chordwise  elements  were  conducted  by 
the  National  Research  Council  of  Canada.  Results  are  reported  in  Ref.  4.3-6. 
Both  systems  were  reported  to  be  effective  in  removing  ice.  A  direct  comparison 
of  specific  energy  requirements  of  each  zone  orientation  is  presented  in  Figure 
4.3-15.  From  the  starwY'oint  of  power,  there  is  a  distinct  advantage  in  chord- 
wise  orientation,  particularly  at  lower  temperatures.  From  the  standpoint  ot 
design  simplicity  and  control,  the  spanwise  zone  orientation  has  the  advantage. 
Consequently,  zone  orientation  may  be  left  to  the  discretion  of  the  designer. 

Several  test  programs  have  been  conducted  with  electro-thermal  de-icing 
systems.  Ref.  4.3-7,  4.3-6  and  4.3-1  are  typical  of  these  programs.  Some 
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of  the  results  of  these  tests  are  presented  in  Figures  4.3-15  through  4.3-17. 
There  is  some  variation  in  these  results  caused  primarily  by  the  differences 
in  heater  construction.  Additional  results  appear  in  Figures  4.3-18  through 
4.3-20. 

Some  conclusions  and  recommendations  resulting  from  the  test  programs 
were:  That  a  power  density  of  25  to  30  watts  per  sq.  in.  be  used  for  the  heating 
elements  and  that  close  control  of  both  accretion  time  and  heat-on  time  be 
exercised. 

To  illustrate  the  power  requirements  of  a  de-icing  system,  the  helicopter 
of  previous  examples  will  be  again  used.  The  same  total  area  will  be  considered 
protected  using  spanwise  elements  as  shown  in  Figure  4.3-13.  If  the  blade  is 
divided  into  four  spanwise  elements  with  power  densities  of  30  watts  per  aq.  in. , 
then  each  element  will  require  approximately  6.75  kw  of  power.  For  symmetrical 
shedding,  the  power  requirements  of  the  two  blades  will  be  13.5  kw.  The  total 
power  requirement  of  the  helicopter  will,  therefore,  be  approximately  16  lev 
(2.5  kw  windshield  anti- ice  requirement), 

4.3.8  MISCELLANEOUS  ROTOR  ICE  PROTECTION  SYSTEMS 

A  pneumatic  boot  ice  protection  system  has  been  proposed  for  helicopter  appli¬ 
cation,  but  to  date  has  not  been  used;  consequently,  its  effectiveness  is  unknown. 
Each  blade  was  to  be  divided  into  two  or  more  spanwise  shedding  zones  with  the 
shedding  to  be  accomplished  in  a  symmetrical  manner.  Spanwise  tubes  would 
be  used  because  the  small  radius  of  the  rotor  leading  edge  would  render  chord- 
wise  tubes  ineffective. 

From  the  standpoint  of  weight  and  power  requirements,  a  pneumatic  de¬ 
icing  system  appears  attractive;  however,  several  difficulties  may  oe  encoun¬ 
tered  in  use.  Ice  accretion  j  on  a  fixed-wing  aircraft  with  a  pneumatic  system 
should  be  permitted  to  reach  approximately  1/4  to  3/8  in.  for  clean,  effective 
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shedding.  On  a  helicopter,  the  maximum  desirable  ice  accretion  before  shedding 
may  be  l/8  to  1/ 4  in.,  depending  on  sensitivity  of  the  rotor  to  ice  accretion. 

The  effectiveness  of  a  pneumatic  system  with  such  light  accretion  is  questionable. 
Pneumatic  boots  on  a  helicopter  rotor  would  be  much  more  vulnerable  to  erosion 
from  dust,  rain,  etc.  than  on  a  conventional  aircraft,  particularly  the  outer  part 
of  the  span;  accordingly,  repairs  and  replacement  would  be  more  frequent.  The 
performance  of  the  airfoil  with  tubes  inflated  should  be  investigated  to  ensure 
that  the  tubes  do  not  create  a  greater  performance  loss  than  the  accreted  ice. 

Another  method  of  protecting  rotors  that  has  been  attempted  without  success 
is  covering  the  rotor  leading  edge  with  a  water  .  silent  material  such  as  certain 
fluorocarbon  plastics.  Although  the  ,ce  bond  to  theta  materials  is  less  than  with 
conventional  rotor  materfals,  ice  does  accrete  and  self- shedding  occurs,  usually 
unsym  metric  ally,  and  causes  vibration.  These  materials  are  also  more  vulnerable 
to  erosion. 

As  noted  previously  in  section  3.8. 1. silicone  base  ice  adhesion  depressant 
coatings  have  been  found  useful  (but  i'jv  limited  time  periods)  for  aircraft 
propellers,  and  may  prove  useful  for  rotors  also,  li  centrifugal  forces  are 
great  enough,  shedding  may  be  satisfactory.  Air  and  rain  erosion  rf  the  coating 
severely  limit  its  useful  life.  Current  aircraft  standards  call  for  renewing  such 
coatings  every  48  hours,  or  every  8  hours  when  rain  is  encountered. 

4.3.9  PROTECTION  OF  WINDSHIELDS  AND  MISCELLANEOUS  COMPONENTS 

As  stated  previously,  the  wide  variety  of  flight  modes  and  variations  in  wind¬ 
shield  si~.es,  shapes  and  installations  make  generalization  of  windshield  ice 
pre  *  Mon  requirements  virtually  impossible,  A  helicopter  with  a  cruise  speed 
of  3 fiO  mph  would  require  a  windshield  power  density  of  3. 15  watts/sq.  in. 
according  to  MIL-T-5842A  (Ref.  3  9).  The  MIL-T-5842A  requirements  are 
usually  conservative  for  most  applications.  Fluid  systems  may  also  l,c  used 
and  would  be  similar  to  the  systems  described  in  Section  4. 1.4.2  and  Section  3.4. 
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If  the  most  critical  flight  mode  i3  known  and  the  approximate  ah  velocity 
across  the  windshield  can  be  determined,  then  MIL-T-5842A  may  be  used  to 
determine  the  required  power  density.  The  power  density  requirements  may 
also  be  determined  by  using  the  technique  illustrated  in  Paragraph  4. 1,4.2, 
Section  4. 

Tail  rotor  ice  protection  is  essential  to  prevent  ice  accretion  and  self- 
shedding  that  may  result  in  dangerous  vibration  or  damage  from  flying  ice 
particles.  The  tail  rotor  is  very  similar  in  size  and  rpm  to  a  CAR-3  airplane 
propeller.  Protection  may  be  provided  using  either  thermal  or  fluid  ice  pro¬ 
tection.  Ice  adhesion  depressant  coatings  may  also  be  considered,  if  ths 
maintenance  aspect  is  not  objectionable.  De-icing  is  adequate  if  the  ice  is 
shed  frequently  and  symmetrically.  Frequent  shedding  is  required  because  of 
the  high  water  collection  efficiency  or  ice  collection  efficiency  ol  the  t'il  rotor 
and  the  greater  tendency  to  self-shod.  Calculations  of  propeller  de-icing  re¬ 
quirements  ar«  presented  in  Paragraph  4.1,4.  These  calculations  are  also 
applicable  to  the  tail  rotor. 

Engine  inlet  screens,  as  well  as  other  air  inlet  screens,  on  a  helicopter 
prevent  debris  ingestion  during  low-ievel  and  ground  operations.  The  inlets 
are  normally  large  enough  that  air  flow  through  the  screens  will  bo  a  low 
velocity.  With  the  air  flow  velocity  anu  direction  of  relative  wind  known,  pre¬ 
liminary  calculations  may  be  made  of  tee  protection  requirements.  These 
requirements  should  be  verified  by  testing,  as  other  factors  may  influence  ice 
accretion  on  the  screens. 

For  turb  Lie  -powered  helicopters,  the  engine  inlet  ice  protection  require¬ 
ments  maybe  calculated  using  the  meteorological  conditions  at  *he  ink',  each 
installation  may  have  additional  factors  affecting  the  icing  potential  —  cu*  ved 
ducts,  screens,  cavities,  etc.  The  effects  of  such  factors  on  the  air  refore  u 
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reaches  the  engine  must  be  determined  before  calculations  can  be  made  of  ice 
protection  requirements.  Refer  to  Paragraphs  4.1  and  4.2  for  inlet  aaM- icing. 
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Figure  4. 3-4.  Windshield  Ice  Accretion. 


Figure  4.  3-5.  Rotor  Head  Ice  Accretion. 
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Tangential  Velocity  (U)  -  mph 


Figure  4.3-6a.  Rotor  Tangential  Velocity  Versus  Span  Station. 
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Figure  4.3-6b.  Droplet  Reynold' s  Number  Vernus  Rotor  Span  Station 
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Figure  4.3-6c.  Inertia  Parameter  Versus  Rotor  Span  Station. 
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Modified  Inertia  Parameter 
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Rotor  Span  Station  -  ft. 
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Figure  i.3-6d.  Modified  Inev'tia  Parameter  Versus  Hotor  Sp'_n  Station. 


4,3-32 


Figure  4.3-7.  Droplet  Impingement  l  imits  for  2t?  and  40- Micron 
Drop  Sizes. 


Coliectfon  Efficiency  - 


0.70 


0.60 


0r50 


0.40 


0.30 


luHaiamaiMa  ■■■■■  ■■■■■  ■■■■«  ■■■■■ 

k5iaaaia*B  ■■■■■■?■■■  ■■■■■■■■■•  ■■■*'  -.hhhr  •*■■•■■■■* 

im«fiiiiiiiiiiiiiin|r^i>  jbbhhhrhhhhhhhhh brrhb 

■■■■■iaBiifaBaaiiBBB  IflWSlt^HH  ■■■■■■■■■■  ■■■■■■■»■■. 

■  ^■■■■•■■’■■■■■■■■■■Lf^M7  .■■■■■■■■■■■■■■■■■■■■■■■■ 

Iianiaiba  rhbhr  ■■ar^  -■■»■■•  ■■■■■  ■■■■■  ■■■■■  rrrrr 
Hiiiaiiil  Saaia  nJCNTiii  Eiau  ■■■■■  ■■■■■■■■■■■■§■■ 
«*••■*■■«•  ■■■■if>G|fFTaaaia5B«*  ■■■■■■■■■■  hhhhrhhMI 

aHHHRRRR  ■■-■*■  ■■*'•■ hrbhh'bhhhh ■■■■■«■■■■ hhhbhhhbbrI 
■•■■■■■■ii  ■■■■«  ■  ■■■■  ■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■ 
■•KlaaiBBIIBBB’  bhhhb  ■■■■■■■■■■■■■■■■■•«■  rhBHHHH 
»*■■■■■■■!■■«'  jaaaaa «■■■■■■■■■  ■maiRaai Miiiiiiiil 
■■apaanpaH'  -^■■■■fia  ■■■■■■■■■■  ■■■■■■■■■■  ■■■■■  ■■■■■! 
■aaaa-aaaaa Ir  iinnaa ■■■■■■■■■■  ■■■■■■■■■■  ■■■•■■■■■a 

LlpmipB«ip  jaiiuii ■iiiiiaaai Hiaaiiaai iiaiiiiui 

pSpSpSpSSpSpPBPPBBBPPBBBPPBBBPPBnBpSpSaPBPBPPnBB 
IpBPPVapBBt  PPPPPPPBPP PRPPPPBPPP  PPBBPPBPPP PPBPPPRPRP 
[aaaaR BRRRa’aRRRa aRRRa iRRiaaRaRa aRRRRRRRRa rrrrrrrrrr 
I  ■■■■■ HHHRa  BRRRB  RRRRB BRRRR  BRRRa'BRRRR  RRRRB BRRRBBRBRB 
RRRBpIRRRRa RRRRPRRRRP PRRRRRRRRR RRRRRRRRRR BRRRR BRRRR 
I  RRRRRRRRRR.  RRRHR  RRRRB  PRRRRRRRRR  RRRRRRRRRR  RHBHR HB^HH 
RRRRRRRRRR  RRRRR RRRRR BRRRR  BRRRR  BRRRR  HRRRR  RRRRR - „HHH 
■faaaaRRRR rrrrrrrrrr rrrrr rRRrr  rrrrr rrrhr aRRp  - brrrr 
RRRRRRRRRR  RRRRRRRRRR  RRRRR  RRRRR  RRRRRRRRRR ■" -RR RRRRR 
RRRRR RRRRR RRRRR RRRRR RRRRRRRRRR  RRRRRRRRRR-  .BRHRRRRRR 
RRRRRRRRRR  BRRRR  RRRRR  RHBHR  BBHHBLHHajRHHHB’  m  RRRRR  RRRHR 
HRRRR  BRRHH  HBHBH  HHBHR  HRHBH  RHRHH  RH^S  Rp  ^ H R  RHRHH  HRBHH 
RRRRRRRRRR  aflRRB RRRRB  aiRRHRRRIjFOJBr  4RRR  RRRRRRRRRR 

JIRHRaaRBaa  HHHBRBRRaa  aHHHH  BRHHfvOr*  ilRRRI  hRrbhhRrRh 
-R*RHirRaBBa  RRRHR  HRRRR  HBHBBBHffKi^  .RBHHHHB  HHBHRHBRHH 
RRHBH HR HR a RHRBB HHHRB aBHHR  ^HH RBHHHB HRHBH RHRBH 

RHaHBHRBHR  BBRBH HHHRB  ■  ■H§»<v£Rp  aHHHHHHRHB  HHHRH BRRRB 
[rrrrr RRBBB RRRHR ■■■■■ ■  ■■HftuBF  .a RHBHR HRRRR RBBBB RHRBB 
■HHRlaarBRR'aBHRHHaRHHHa  aanBr  AWW  HHHBRBRRaa  BflaRH  HBHHH 
fRRHBUHH|  BRRRB  HHB Ha  iZuT  riRRR  RRRaH RRRRB RRHBH  HBHHH 
pHBHBiiaHBRHHBB BRRRR  HMV  .  RBBHH BHHRH BHaHR  RHHBR BHHHB 
RBHRB HHHRa aRBRa HHHRa RHB  .■ BBRBB  BHBRBBBBHB  ■HHHRRHHHH 
MRRR RURI  RRRRR  BHRRa  RR  .HR  RRBBB  RRRRR  RHRHH  HRHBH  HBHRS 
RRRRBRHRBa  RRRRHBHRRb r  .HHB BRRRR HRRRR RHHBH HRRRR BRRRR 

HMaRBHRBHB  RRRRB  RBHRR  iHBRHHHRR  BRRRR  RRBBB  RRBBB BHBBH 
■RRS-BagiB  aBla.RHRBr  ^  BBRBB  BHBRB  BRRRR  BRRRB  BRRRR  BRRRB 

HRRRtRRRaaRRRRRR  ■■ aRRRBaHHRa RBBRR  HRRHa RRRHR HRRRR 

■HBRa  aaaaa rrrbb  a'  smm bbrrr  rhbbr  rrrrh rbbhr rbhhh  brrhb 

■  HR BRRRR BHHHB f  4HHB BRRRB  BRRHB  BRRRB  BRBBB  RHRHH  BRRHH 
■  B  HHRHR  BHRilR  «B1  IB  BBRBH  BBaHB  BBRBB  HRRRR  BRBBH  HRHBH 
■■mrhHRBBBBH'  BRHHB  BBRBB  BRRRR  BHRBB  RRRBB  RRRRB  B|HH| 
laBRRBaaaHa aaar  iRHHRa hhbbhhhbhr brbhbrbhrh aBHRBR^H 
RRRRB aRBBg BB* jR BHBRRaRBHRHBBHR RRBBB RBBHR BBRBH RBBBB 
HBHRBBBRBl BB’  flBBBHHi BHBHB HBHHH  BBRBH RRHBH HHHHHHHBHH 
BBBBBBRRHa H? JHRBBHSRHHBBH BHHHB BBRBB BRHRB BBiRB BHBHB 
BRRRB BRBBB ■  .RaaHBBHB BBRBB BRBBB BBRBB BBRBB BRRHB BRRRB 
BRRRB aHBHtr  AiBI HRRRa  BRRRR  aBRBa  aBBRf  RBHRB  RRRRHRBBBB 

RHRBB  RR.RRH  HRRRR  ****2  RRRRR  JJaBSHIHHHHHHi 

HHRBfl 


Span  Station  -  ft. 


Figure  4.3-8a.  Collection  Efficiency  Versus  Motor  Span  Station, 
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Water  Catch  (W,.)  -  lb„/hr.  -  ft.  of  span 


Figure  4.  3-8b.  Water  Catch  Versus  Rotor  Span  Station. 
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Heat  Flow  Requirements  -  1,000  BTU/hr.-  ft  span 
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Figure  4. 3-8c.  Anti-Icing  Heat  Requirements  Versus  Rotor  Span  Station. 
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Figure  4.3-8d.  Fluid  Anti-Icing  Flow  Requirements 
Versus  Rotor  Span  Station. 
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Figure  4.  3-10.  Typical  Fluid  Ice  Protection  System  Schematic 
(Ref.  4.3-1), 
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Figure  4.3-12.  Stagnation  Point  Location  for  Typical  Main  Rotor 
(Ref.  4.3-1). 
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Figure  4.  3-14.  Chordwise  Elements  for  Spanwlse  Shedding  {Hef.  4.  3  -4) 
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Figure  4.3-  15.  Specific  Energy  Required  for  Shedding  to  5-ft.  Radius, 
Spanwlae  and  Chordwise  Element*  (Ref.  4.3-4). 
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Figure  <  3-16.  Specific  Energy  Requi  red  for  Shedding  to  V  ft.  Radius , 
Chordwlse  Elements  (Kef.  4.3-:^. 
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Figure  4.3-18,  Power  On-Time  Required  f'»r  Shedding  to  5 -ft .  Radius, 
Chordwise  Elements  (Hof.  1.3-;,). 
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Figure  4.3-19.  Power  On-Time  Required  for  Shedding  to  5-ft.  Radius, 
Span./lse  Elements  (Ref.  4.3-4}. 
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5. 1  SUMMARY 


Ice  and  icing  conditions  may  be  detected  in  flight  either  visually  or  with  an  ice 
detector.  This  section  of  the  report  discusses  both  the  methods  of  detecting 
icing  visually  and  the  principles  of  operation  and  characteristics  of  various 
types  of  ice  detectors.  Comments  are  also  included  on  methods  of  detecting 
icing  conditions  that  would  exceed  the  design  capabilities  of  a  particular  air¬ 
craft  and  its  ice  protection  systems. 

A  discussion  is  also  included  of  general  control  requirements  (and  system 
indication)  for  the  ice  protection  systems  discussed  in  previous  sections  of  this 
report. 

5. 2  ICE  DETECTION  METHODS 

5.2. 1  VISUAL  ICE  DETECTION  -  A  good  indication  cf  the  possibility  of  icing 
can  be  obtained  by  observing  the  types  of  cloud  formations  and  the  outside  air 
temperature.  If  the  outside  air  temperature  is  between  20°  and  32"  F  while 
flying  through  cumuliform  or  stratiform  clouds,  the  probability  of  icing  is  about  40 
per  cent.  At  lower  temperatures  the  probability  is  lower,  becoming  negligible 
at  about  -35°  F  (Ref.  Figure  1-17).  The  overall  probability  of  encountering 
icing  conditions  is  much  lower  than  40  per  cent;  it  is  in  the  order  of  two  to 
three  per  cent  as  shown  in  Figure  1-24.  However,  flight  through  clouds  at 
temperatures  near  freezing  greatly  increaees  the  probability  of  icing. 

Flight  through  cumulus  clouds  should  be  avoided  because  of  the  probability 
of  high  liquid  water  contents  at  the  center  of  the  cloud,  as  well  as  the  presence 
of  severe  turbulence  and  hail.  Flight  through  icing  conditions  in  stratus  clouds 
can  often  be  avoided  by  climbing  over  the  cloud  layer  (maximum  depth  will  be 
less  than  6.500  ft.)  or  changing  direction  to  fly  around  the  cloud  bank. 

It  is  possible,  of  course,  for  the  pilot  to  visually  detect  the  formation  of 
ice  on  unheated  parts  of  the  windshield  or  windshield  wipers  and  on  tru  wing 
leading  edges.  Wing  leading  eages  are  not  always  easily  observed,  particularly 


on  swept -wing  aircraft  and  during  ni^ht  flights.  A  simple  and  effective  method 
of  improving  visual  ice  detection  would  be  to  mount  a  four  to  six-in.  fixed  rod 
of  1/8  to  1/4-in.  diameter  on  the  fuselage  in  a  position  where  the  pilot  can 
easily  observe  ice  formation.  (The  rod  should  be  long  enough  to  extend  outside 
the  air  ana  water  droplet  boundary  layer.)  This  type  of  detector  may  be  the 
most  practical  solution  for  light  aircraft  ice  detection  because  of  the  relatively 
high  cost  and  service  problems  of  most  other  ice  detectors. 

5.  2.  2  ICE  DETECTOR  TYPES  —  Many  methods  of  detecting  ice  have  been 
proposed,  and  a  number  put  into  practice.  Some  of  the  different  types  of  ice 
detectors  and  their  current  applications  are  listed  in  the  table  below  followed  by 
a  brief  description  of  each  type.  Recent  information  on  ice  detectors  is  also 
contained  in  the  NRC  (National  Research  Council  of  Canada)  Aeronautical  Report 
LR-334  (Ref.  5-1)  and  in  a  paper  presented  at  the  1961  Aircraft  Ice  Protection 
Conference  (Ref.  5-2). 

Ice  Detector  Type  Current  Application 

Differential  Pressure  Commercial  transports,  various  military 

aircraft  and  helicopters 

Electrical  Conductivity  Several  military  aircraft 

Beta  Radiation  Detector  Helicopters,  VTOL,  and  conventional 

aircraft 

Rotating  or  Reciprocating  Commercial  transports  (European) 

Cylinder 

Mass  Balance  Helicopters 

Electro-Thermal  (Resistance)  Measurement  of  liquid  water  content  in 

icing  tunnels 

Heated  Rod  Commercial  trant ports  (European) 

Vibrating  Rod  None 

Electro-Chemical  None 

The  differential  pressure  or  pressure  probe  ice  detectors  are  probabh  the 
most  widely  used  for  commercial  transports  and  military  aircraft  These 
instrument*  detect  icing  by  sensing  a  difference  in  pressure  between  a  he.it  vi 


o-4 


(reference)  and  an  unheated  (detector)  probe  when  forward -facing  holes  in  the 
unheated  probe  become  blocked  with  ice,  or  by  sensing  a  change  in  pressure 
when  holes  in  the  forward  face  of  a  single  probe  become  blocked  with  ice  while 
the  aft  facing  holes  remain  free  of  ice.  Examples  of  this  type  ice  detector  are 
shown  in  Figure  5-1. 

An  icing  signal  is  relayed  to  the  pilot  by  means  of  an  indicator  light.  A 
one-minute  time  delay  is  usually  included  so  that  a  continuous  icing  signal  is 
indicated  as  long  as  the  detector  signals  icing  at  least  once  per  minute.  An 
electrical  heating  circuit  is  normally  included  to  de-ice  the  detector  probe 
after  each  icing  signal.  Air  velocities  of  about  80  kt.  or  higher  are  required 
to  obtain  satisfactory  ice  detection.  (This  is  dictated  by  the  pressure  switch 
setting,  v 

Despite  the  wide  use  of  the  pressure  type  ice  detector,  it  has  not  been  com¬ 
pletely  satisfactory  in  service  because  of  various  limitations.  The  small  probe 
holes  needed  to  obtain  rapid  response  to  icing  clog  easily  from  dust,  dirt,  in¬ 
sects,  etc,  ,  and  are  difficult  to  clean.  Finding  a  suitable  location  for  the 
detector  may  also  be  a  problem.  Vibration  is  often  a  problem  with  engine- 
mounted  probes;  fuselage-mounted  probes  are  subject  to  damage  by  maintenance 
personnel  and  ground  handling  equipment.  For  these  reasons,  most  of  the 
pressure  type  ice  detectors  installed  for  commercial  use  have  been  removed, 
and  reliance  has  been  placed  on  visual  detection  of  ice. 

A  variation  of  the  pressure  type  detector  for  helicopter  application  makes 
use  of  ?  pressure  differential  sensed  at  the  leading  and  trailing  edges  of  the 
blade.  When  this  differential  is  destroyed  by  ice  on  the  forward  hole,  a  pres¬ 
sure  switch  is  actuated.  The  switch  can  mm  on  a  warning  lamp  and.  if  de¬ 
sired.  actuate  the  blade  de-icing  system. 

An  example  of  the  electrical  conductivity  type  ice  detector  is  shown  m 
Figure  5-2.  The  sensing  element  of  this  detector  consists  of  two  electrodes 
separated  by  a  small  insulating  gap.  with  an  electrical  potential  applied  to  the 
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electrodes.  The  impingement  of  water  droplets  on  the  sensing  element  allows 
current  flow  across  the  insulating  gap  and  operates  a  warning  system. 

The  probe  is  heated  to  prevent  formation  of  ice.  As  the  detector  is  basically 
a  liquid  water  detector,  an  air  temperature  probe  is  included.  Ar.  sing  signal 
is  produced  by  the  control  box  when  the  presence  of  liquid  water  is  detected  at 
air  temperatures  below  freezing. 

A  variation  of  the  conductivity  type  ice  detector  is  shown  in  Figure  5-:i. 

This  type  detector  has  two  airfoil-shaped  probes  separated  by  an  air  gap.  Icing 
is  detected  when  the  air  gap  is  bridged  with  ice.  A  time  delay  minimizes  spuri¬ 
ous  signals  caused  by  flying  through  fog,  clouds,  etc.  This  form  of  conductivity 
detector  has  the  advantage  of  not  requiring  an  air  temperature  probe. 

An  example  of  a  radiation  type  ice  detector  is  shown  in  Figure  5-4.  The 
instrument  shown  is  designed  so  that  accreted  ice  will  block  off  or  weaken  the 
flow  of  beta  particle  radiation  between  two  points.  Strontium  90  is  used  as  the 
source  of  beta  particle  radiation.  The  primary  advantage  of  the  radiation  def¬ 
lector  is  that  it  is  not  dependent  on  air  flow  for  actuation  and  will  work  at  low 
velocities.  There  is  considerable  interest  in  development  of  this  type  of  ice 
detector  for  helicopter  and  VTOL  aircraft  applications,  as  well  as  for  conven¬ 
tional  aircraft. 

An  example  of  a  rotating  cylinder  type  of  ice  detector  is  shown  in  Figure 
5-5.  In  this  detector,  a  cylinder  exposed  to  the  airstream  rotates  slowly  past 
a  scr  *per.  Ice  accreting  on  the  cylinder  is  shaved  off  by  the  scraper;  the 
torque  required  to  remove  the  ice  actuates  a  warning  system.  An  alternative 
form  of  cylinder-type  ice  detector  is  a  cylinder  that  extends  and  retracts.  The 
retraction  force  increase  resulting  from  ice  on  the  cylinder  actuates  a  warning 
lamp. 

An  example  of  mass  balance  type  ice  detector  is  shown  in  Figure  5-6. 

This  detector  is  driven  by  an  electric  motor  and  detects  icing  by  heating  one 
of  the  rotating  arms  and  sensing  the  resultant  mass  unbalance  when  ice  accretes 
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on  the  unheated  arm.  An  instrument  of  this  type  has  been  tried  on  a  helicopter. 

An  electro-thermal  ice  detector  is  snown  in  Figure  5-7.  This  type  detector 
senses  a  change  in  resistance  when  water  droplets  impinge  on  an  electrically 
heated  wire.  Two  wires  are  used:  one  at  right  angles  to  the  airflow,  the  other 
parallel  to  the  airflow.  The  parallel  wire  (which  is  sheltered  from  impingement) 
gives  a  reference  resistance,  whereas  the  other  wire  changes  temperature  (and 
resistance)  when  struck  by  water  droplets.  Ambient  temperature  sensing  is 
needed  to  determine  whether  a  particular  condition  could  cause  icing.  Because 
of  its  fragility,  this  detector  has  been  used  primarily  for  research  work  in  flight 
and  in  icing  tunnels. 

An  alternative  form  of  the  electro-thermal  ice  detector  uses  heated  cylinders; 
otherwise,  the  principle  of  operation  is  the  same.  This  type  would  have  greater 
service  life  expectancy  than  the  thin -wire  type. 

A  simple,  visual  type  ice  detector  (Figure  5-8)  is  commercially  available 
for  aircraft.  This  so-called  "hot  rod"  detect  ^r  is  designed  to  be  located  in  the 
air  stream  so  that  ice  forming  on  the  rod  can  be  easily  observed  by  the  pilot. 

A  heater  can  be  manually  switched  on  to  de-ice  the  rod,  and  thus  a  periodical 
check  for  ice-free  conditions  can  be  made.  This  detector  is  also  furnished 
v/ith  a  lamp  which  illuminates  the  rod  during  night  flying  conditions. 

There  have  been  a  variety  of  other  types  of  ice  detectors  proposed  that  have 
not  been  put  into  production.  A  vibrating  rod  ice  detector  has  been  proposed 
which  detects  a  change  in  frequency  when  ice  buildup  occurs.  An  electro¬ 
chemical  type  ice  detector  has  been  shown  to  be  promising,  but  has  not  been 
put  into  production.  This  detector  uses  an  electrolyte  such  as  lithium  chloride 
which,  when  wetted,  allows  a  current  to  flow  between  two  electrodes;  thus  de¬ 
tecting  impingement  of  water  droplets.  An  ambient  temperature  sensor  is 
necessary  to  determine  whether  the  droplets  are  supercooled. 

In  spite  of  the  great  amount  of  work  that  has  been  done  in  the  development 
of  ice  detectors,  a  simple,  low-cost,  dependable  ice  detector  has  not  yet  been 
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produced.  The  need  for  dependability  results  from  the  low  frequency  (about 
two  per  cent)  of  aircraft  flight  in  icing.  To  detect  ice  reliably,  the  detector 
must  have  a  frequency  of  failure  that  is  at  least  an  order  of  magnitude  less 
than  the  frequency  of  encountering  ice.  To  date,  no  such  instalment  has  been 
produced.  The  ice  detector  that  most  nearly  meets  all  the  above  requirements 
Is  a  simple,  fixed  rod  mounted  in  an  area  where  ice  will  accumulate  and  easily 
be  visible  to  the  pilot. 

5.3  RECOGNIZING  ICING  THAT  EXCEEDS  AIRCRAFT  AND  ICE  PROTEC¬ 
TION  SY8TEM3  CAPACITY 

Aircraft  ice  protection  systems  are  designed  to  meet  particular  operational 
needs  of  an  aircraft.  For  commercial  aircraft,  the  icing  design  requirements 
(Section  1)  are  relatively  severe,  and  the  probability  of  exceeding  the  design 
conditions  is  remote.  However,  many  civil  and  military  aircraft  are  not  de¬ 
signed  for  continuous  flight  through  icing  and  have  either  minimum  or  no  ice 
protection  equipment.  The  probability  of  exceeding  the  aircraft  and  ice  pro¬ 
tection  systems  capabilities  in  this  case  may  be  quite  high.  This  portion  of 
the  report  discusses  the  types  of  limitations  that  may  be  involved  for  aircraft 
and  ice  protection  systems,  and  means  of  recognizing  that  their  limits  have 
been  exceeded. 

Most  running  wet  anti-icing  systems  and  thermal  de-icing  systems  are 
designed  to  a  minimum  ambient  temperature  of  0°  F.  Statistical  data  (Section  1) 
shows  that  more  than  90  per  cent  of  all  encounters  occur  between  0°  and  32°  F. 
As  aircraft  are  normally  equipped  with  ambient  temperature  indicators,  it 
should  be  relatively  simple  to  avoid  flight  through  icing  at  the  lower  tempera¬ 
tures.  Should  Icing  be  encountered  at  temperatures  below  0°  F,  the  de-icing 
systems  designed  for  0°  F  may  not  shed  ice,  and  fluid  anti-icing  and  thermal 
anti-icing  systems  will  allow  accretion  of  ice  on  the  protected  areas.  Changes 
in  aircraft  speed  and  handling  characteristics  may  also  be  noted. 
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Thermal  anti  -icing  evaporative  type  systems  are  usually  designed  for  about 
.3 

0.  5  gm/m  liquid  water  content.  At  higher  liquid  water  contents,  some  water 
will  freeze  aft  of  the  heated  area.  A  moderate  amount  of  runback  icing  can  be 
tolerated  by  most  aircraft,  provided  that  it  does  not  become  large  enough  to 
present  an  ice  accretion  shape.  It  is  also  possible  to  determine  liquid  water 
content  by  an  inttrjment  such  as  the  NACA  icing  rate  meter;  however,  no  such 
Instrument  is  commercially  available. 

Excessive  droplet  sizes  (as  in  freezing  rain)  can  cause  poor  performance 
of  ice  protection  systems,  as  well  as  affecting  air  speed  indication  by  icing  of 
static  ports  Excessive  chordwise  extent  of  ice  on  the  wing  and  tali  leading 
edges  would  be  the  primary  means  of  identifying  this  condition.  If  the  surfaces 
are  heated,  excessive  runback  might  be  noted  because  of  the  high  catch  effi¬ 
ciency  of  large  droplets.  Cyclic  de-icing  systems  may  not  function  at  large 
drop  size  if  ice  accumulates  beyond  the  normally  protected  area. 

Rapid  drop  off  in  air  speed  or  erratic  engine  operation  are  two  other  indi¬ 
cations  that  excessive  icing  has  been  encountered.  In  this  case,  evasive  action 
must  be  taken  immediately  —  by  climbing  over  the  icing  cloud,  descending  to 
warmer  air,  or  by  flying  around  the  clouds. 

When  encountering  ice  crystals  and  snow  in  dry  clouds,  it  is  not  necessary 
to  turn  on  the  ice  protection  system.  However,  when  ice  crystals  mixed  with 
liquid  water  are  encountered,  it  is  possible  for  the  capacity  of  the  ice  protec¬ 
tion  system  to  be  exceeded.  With  the  ice  protection  system  in  operation  at 
these  conditions,  the  runback  may  be  severe  (for  thermal  systems)  and  evasive 
action  may  be  necessary.  (See  Paragraph  1.4.7  for  a  further  discussion  of 
ice  crystals.) 

5.4  ICE  PROTECTION  SYSTEM  CONTROLS  AND  INDICATORS 

Certain  general  comments  can  be  made  concerning  controls  and  indicators  for 
the  various  types  of  ice  protection  systems.  These  comments  are  made  to 
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assist  proper  selection  oi'  control  systems.  Specific  examples  are  not  included 
because  of  the  myriad  of  switches,  valves,  indicators,  timers,  etc.  available,  as 
well  as  the  rapid  advances  continually  being  made  in  this  field.  Once  the  con¬ 
trol  function  has  been  established  for  a  particular  system,  vendors  of  control 
and  indicating  equipment  can  supply  current  data  on  the  specific  items  needed. 

Ice  detectors  —  either  mounted  on  the  fuselage  or  in  turbine  engine  intakes  - 
are  often  used  to  warn  the  pilot  of  icing  conditions.  Indication  is  usually  by  a 
warning  light  on  the  control  panel.  On  some  turbine  engine  aircraft,  an  auto¬ 
matic  feature  has  been  incorporated  to  turn  on  engine  and  inlet  anti-icing  when¬ 
ever  icing  is  detected.  The  low  reliability  of  available  detectors  has  made  this 
approach  questionable  for  commercial  service;  however,  it  is  in  use  on  several 
military  aircraft. 

Control  systems  for  pneumatic  boot  de-icing  systems  are  relatively  simple, 
requiring  only  a  timer  and  the  associated  pneumatic  valves.  The  timer  controls 
periodic  inflation  of  the  several  pneumatic  de-icers  in  a  predetermined  sequence. 
Inflation  time  is  normally  a  constant  value  of  about  five  seconds ,  depending  on 
the  particular  boot  design.  The  period  between  inflations  can  be  fixed  at,  say, 
three  minutes  or  made  variable  (by  pilot  selection)  to  allow  more  frequent  infla¬ 
tion  in  heavy  icing.  Solenoid-actuated  pneumatic  valves  control  the  airflow  for 
inflation.  These  valves  are  normally  dual  purpose,  and  will  also  control  the 
vacuum  pressure  to  deflate  the  de-icers.  Pressure  and  vacuum  gages  could 
be  provided  to  monitor  system  performance;  however,  this  is  normally  done  by 
simply  observing  Inflation  and  deflation  of  the  de-icers. 

Fluid  anti-icing  systems  are  usually  controlled  by  a  simple  switch  operated 
solenoid  valve  (for  a  pressurized  tank  system)  or  by  a  switch -operated  pump. 
Gages  for  monitoring  system  pressure  and  the  amount  of  fluid  remaining  are 
optional,  but  usually  found  unnecessary. 

Thermal  anti-icing  systems  can  be  discussed  in  two  categories:  electrical 
and  hot  air.  The  electrical  system  may  be  only  a  switch-controlled  resistance 
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heater.  In  many  cases  ,  overheat  protection  is  included  (by  means  of  a  thermo¬ 
switch,  thermistor,  or  positive  resistance  coefficient  wire  sensor)  to  prevent 
excessive  temperatures  during  low  speed  or  ground  operation.  Electrical  over¬ 
load  protection  is  usually  furnished  by  fuses  or  ci,  cuit  breakers.  In  the  case  of 
windshields,  a  pilot  relay  may  be  used  to  operate  a  power  contactor,  with  a 
variable -voltage  transformer  to  compensate  for  aging  of  the  electrical  resistance 
film.  Two  heat  settings  are  often  used:  a  high  setting  and  an  intermediate 
(1/2  to  2/3  po’ver)  setting,  with  power  cycled  on  and  off  to  maintain  a  predeter¬ 
mined  temperature  setting.  An  approach  that  can  be  beneficial  to  windshield 
life  is  to  use  the  recently  developed  static  switching  and  modulating  controls 
that  vary  power  in  proportion  to  the  demand,  rather  than  switching  power  on 
intermittently. 

Hot  air  anti-icing  systems  are  normally  controlled  by  solenoid-operated 
pneumatic  valves,  (Motor-operated  valves  can  also  be  used.)  Overheat  pro¬ 
tection  and/or  warning  can  be  provided  by  means  of  thermoswitches ,  thermis¬ 
tors,  or  wire-wound  resistance  sensors,  plus  an  associated  bridge  circuit. 

In  the  case  of  engine  and  inlet  anti-icing,  it  may  be  required  (as  on  commer¬ 
cial  aircraft)  to  have  a  means  of  indicating  proper  system  functioning.  A 
pressure  switch  is  commonly  used,  connected  to  a  warning  light  to  warn  of 
inadequate  pressure  (and  thus  inadequate  anti-icing)  to  the  system.  A  valve 
position  indicator  or  the  temperature  of  a  critical  anti-icing  surface  may  also 
be  used  to  indicate  proper  system  operation.  Many  commercial  aircraft  tur¬ 
bine  engines  have  used  pressure  switches  or  valve  position  indicators  for 
reasons  of  cost  and  reliability. 

Thermal  de-icing  systems  may  also  be  discussed  in  two  parts  electrical 
and  hot  air.  The  cyclic  electric  cysteine  require  a  timer  and  switching  device 
to  apply  power  intermittently  to  the  various  heated  areas.  To  minimize  run- 
back  icing,  It  is  often  desirable  to  limit  surface  temperature  by  a  surface 
temperature  cutoff  device,  or  to  sense  air  temperature  and  decrease  heat-on 


5-11 


time  as  the  temperature  approaches  32s  F.  For  low  power  applications  (up  to 
5kw),  a  switching  relay  can  be  used  with  a  motor-driven  selector.  Power  con¬ 
tactors  may  be  needed  at  higher  power.  Static  switching  devices  are  feasible 
for  larger  aircraft,  and  are  currently  in  use  on  some  transport  aircraft.  Pro¬ 
tection  against  operation  on  the  ground  is  usually  provided  by  a  landing  gear 
switch.  The  parting  strips  (continuously  heated  strips)  also  require  protection 
as  discussed  previously.  Protection  against  overload  is  provided  by  circuit 
breakers  and/or  fuses.  System  indication  is  usually  provided  by  observing 
electrical  loads  as  the  system  cycles  power  from  one  area  to  another.  Time 
between  cycles  can  be  either  fixed  or  variable,  but  most  systems  are  currently 
using  fixed  time  for  simplicity. 

Hot  gas  de-icing  systems  normally  use  solenoid-actuated  pneumatic  valves 
to  allow  rapid  opening  and  closing.  A  timer  is  needed  to  control  the  various 
valves.  A  fixed  cycle  may  be  used,  however  a  variable  heat  on  time  (varying 
with  total  air  temperature)  is  more  common.  Time  between  cycles  can  also  be 
made  variable  if  desired.  This  time  is  usually  three  to  four  minutes;  however, 
longer  periods  may  be  tolerated  in  moderate  icing  conditions.  One  approach 
that  has  been  used  is  to  provide  normal  heat -on  (15  to  20  seconds)  and  heat-off 
(three  to  four  minutes)  periods,  with  longer  heating  periods  every  fourth  or 
fifth  cycle.  The  additional  heat  period  removes  runback  that  may  have  accumu¬ 
lated  during  the  previous  cycles.  An  overtemperature  warning  or  control 
(similar  to  hot  air  anti -icing)  is  also  desirable 

All  hot  air  systems  may  or  may  not  contain  control  of  the  basic  air  source. 
Bleed  air  systems  usually  are  controlled  by  pressure  regulating  valves.  In 
addition,  maximum  bleed  air  temperature  may  be  limited  by  several  methods. 
One  Is  by  mixing  outside  air  or  exhaust  air  from  the  gas  passages  using  an 
ejector  mixing  system.  Another  is  mixing  low-temperature  air  from  the  low- 
pressure  rotor  of  a  dual- rotor  compressor  with  high -temperature  bleed  air 
from  the  high-pressure  rotor.  Ram  air  cooled  heat  exchangers  may  also  be 
used,  although  with  penalties  on  weight,  thermal  efficiency  and  aircraft  drag. 
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Another  method  in  use  on  turbine  engine  anti-icing  systems  that  could  be 
adapted  to  airframe  use  is  a  temperature -modulating  valve  that  reduces  air 
flow  as  bleed  air  temperature  increases.  A  coiled  thermostatic  spring  and 
vane  assembly  is  used  to  restrict  flow  at  high  temperatures.  Overheat  of  the 
inlet  guide  vanes  and  front  frame  is  avoided  by  use  of  this  type  of  valve.  An 
on-off  type  pneumatic  control  valve  is  usually  in  series  with  the  modulating 
valve. 

The  final  consideration  for  ail  control  systems  is  that  any  single  failure 
should  not  result  in  a  hazard  to  the  safe  operation  of  the  aircraft. 
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Figure  5-2.  Electrical  Conductivity  Ice  Detector 
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5-6,  Mass  Balance  Ice  Detector 


Figure  5-7.  Electro-Thermal  Ice  Detector 


Figure  5-8.  Heated  Rod  Ice  Detector. 
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6.1  SUMMARY 


After  the  design  of  a  new  aircraft  and  its  ice  protection  systems  has  been  com¬ 
pleted,  or  whenever  a  new  ice  protection  system  is  designed  for  an  existing 
aircraft,  tests  will  be  required  to  demonstrate  that  the  system  or  systems  are 
effective  and  that  the  aircraft  involved  can  be  flown  through  icing  safely.  The 
method  and  extent  of  testing  to  be  performed  will  vary  greatly  depending  upon 
previous  experience  with  similar  systems  and  applications  and  with  the  degree 
of  ice  protection  provided. 

In  this  section  of  the  report,  test  objectives  are  defined  for  various  types 
of  systems  and  the  types  of  measurements  to  be  made  in  assessing  system  per¬ 
formance  are  described.  Aircraft  performance  data  needed  to  determine  the 
effect  of  residual  or  primary  ice  formation  is  also  represented. 

The  methods  of  testing  (icing  tunnel,  clear  air  flight,  natural  icing  flight 
and  simulated  icing  flight)  are  described,  and  detailed  data  on  the  various  test 
methods  is  presented.  Description  and  critical  3izes  are  shown  for  four  icing 
tunnels.  Methods  of  conducting  flight  tests  in  clear  air  and  natural  icing  are 
shown.  Data  on  use  of  the  aerial  tanker  to  create  simulated  icing  in  flight  is 
included,  a’ong  with  the  means  of  interpreting  the  test  data  obtained,  because  the 
simulation  has  certain  limitations. 

Study  of  the  information  contained  in  this  section  will  assist  in  determining 
the  type  of  test  and  test  objectives  for  qualifying  a  particular  system  or  air¬ 
craft,  and  will  help  to  Identify  the  most  appropriate  facility  for  these  tests. 

The  types  of  instrumentation  to  be  used  for  various  systems  are  also  identified. 
Detailed  planning  of  a  specific  test,  however,  must  be  accomplished  individually 
for  each  ne«  application. 

6.2  INTRODUCTION 

After  the  analysis  and  design  of  a  particular  aircraft  and  its  ice  protection  sys¬ 
tems  have  been  completed,  tests  will  normally  be  required  u.  demonstrate  that 


6-3 


the  ice  protection  systems  are  adequate  and  that  the  aircraft  can  fly  through 
natural  icing  conditions  safely.  The  required  tests  will  vary  widely,  depending 
upon  the  type  of  system,  the  amount  of  previous  experience,  and  the  mission 
and  operational  requirements  of  the  aircraft.  This  section  of  the  report  des¬ 
cribes  the  test  requirements  or  objectives  for  the  various  types  of  systems 
and  aircraft,  and  presents  data  on  the  various  methods  of  accomplishing  these 
test  objectives.  This  section  does  not  present  the  detailed  information  neces¬ 
sary  for  a  complete  icing  test  program ,  but  does  include  information  on  the 
types  of  tests  that  may  be  required  and  the  sources  to  contact  for  further  in¬ 
formation.  Instrumentation  needed  for  these  tests  is  also  discussed. 

These  test  methods  include  icing  wind  tunnel  tests,  flight  tests  In  clear  air, 
and  flight  tests  in  either  natural  or  simulated  icing.  Specific  data  is  included 
on  the  capabilities  of  the  various  icing  tunnels  available  to  the  industry.  Spray 
calibration  data  is  shown  for  the  aerial  tanker  used  by  the  U.S.  Air  Force  for 
inflight  simulation  of  icing  conditions ,  together  with  comments  on  interpretation 
of  data  derived  from  tanker  tests.  Methods  of  predicting  "wet  air"  performance 
from  clear  air  tests  are  also  discussed. 

Another  subject  of  ever-increasing  importance  is  the  effect  of  ice  accre¬ 
tion  on  aircraft  performance  and  handling  characteristics ,  as  these  are  the 
factors  that  determine  the  need  for  ice  protection  of  specific  portions  of  the 
airframe.  Comments  on  testing  with  actual  and  simulated  ice  accretions  are 
iiiciuded. 

6.3  TEST  OBJECTIVES 

6.3. 1  DATA  ESQUIRED  —  Test  programs  for  an  aircraft  and  its  ice  protec¬ 
tion  systems  have  one  primary  obj  t:  demonstration  of  safe  flight  through 
natural  icing  conditions.  This  objective  can  be  met  by  conducting  tests  to  show 
that  the  systems  function  properly  and  that  the  required  performance  has  been 
met  or  exceeded.  In  cases  where  ice  protection  is  not  provided  for  all  parts  of 
an  aircraft,  the  e?fect  of  ice  on  aircraft  performance  and  handling  characteristics 
must  be  determined. 
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This  paragraph  describes  the  test  objectives  to  be  considered  in  wind  tun¬ 
nel  and  flight  testing  of  aircraft  and  the  associated  ice  protection  systems.  For 
each  type  of  system,  certain  parameters  are  important  in  showing  that  the  sys¬ 
tem  has  met  design  requirements.  This  discussion  covers  the  parameters  to 
be  measured  for  the  various  types  of  systems  presented  in  Section  3,  Methods 
of  Protection.  A  discussion  is  also  Included  on  the  types  of  instrumentation 
that  may  be  used.  A  discussion  of  the  methods  of  testing  (icing  tunnel ,  dry  air 
flight,  naturae  icing  flight,  and  simulated  flight  icing)  is  contained  in  Paragraph 
6.4. 

The  pneumatic  boot  de-icing  system  has  been  used  extensively  and  nor¬ 
mally  would  require  a  minimum  of  testing.  A  functional  test  to  determine 
Inflation  and  deflation  time  and  to  check  Inflation  pressure  and  vacuum  pressure 
is  required.  The  effect  of  the  de-icing  boots  on  aircraft  performance  and  hand¬ 
ling  characteristics  should  be  determined,  both  with  the  boots  deflated  and 
with  the  various  sections  inflated.  The  drag  effects  (if  any)  of  installing  the 
boots  can  be  determined  if  previous  flight  test  data  is  available  showing  the 
relationship  of  drag  to  lift.  The  ability  of  the  boot  to  remove  ice  should  aiso 
be  determined  for  new  de-icing  boot/airplane  configurations  —  this  can  be  done 
in  natural  or  simulated  icing.  The  effects  of  leading  edge  radius  and  de-icing 
tube  diameter  upon  ice  removal  characteristics  must  be  determined  if  previous 
data  is  not  available.  The  effect  of  residual  ice  (ice  remaining  on  the  boot 
after  inflation)  should  also  be  determined;  normally  this  would  cause  a  slight 
increase  in  drag,  but  no  other  effects. 

Fluid  anti-icing  or  de-icing  systems  will  require  general  functional  tests, 
determination  of  fluid  flow  rates  and  distribution,  and  finally  tests  in  either 
natural  cr  simulated  icing.  Fluid  distribution  can  be  determined  in  dry  air 
using  visual  aids  —  chalk  on  the  protected  surface  or  dyed  fluid  to  show  flow 
patterns.  Final  assessment  of  system  performance  is  dependent  on  icing  tests, 
as  prediction  of  fluid  flow  rate  requirements  (see  Section  3)  are  at  best  only 
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approximations.  In  the  cause  of  fluid  de-icing  systems,  the  effect  of  periodic 
ice  accumulation  on  lift,  drag  and  aircraft  handling  characteristics  should  be 
evaluated. 

Electro-thermal  anti-icing  and  de-icing  systems  normally  require  only  a 
minimum  of  testing  because  )f  the  relatively  large  ? mount  of  background  data  on 
such  systems.  Electrical  power  delivered  to  the  various  heated  areas  should 
be  determined  and  compared  with  design  requirements.  Surface  (inner  and 
outer)  temperatures  can  be  measured  to  check  overall  heat  distribution  and  to 
determine  internal  heat  losses.  An  icing  test  will  usually  be  required  to  verify 
overall  performance,  to  determine  any  local  cold  spots,  and  to  evaluate  effects 
of  runback  icing  on  lift,  drag  and  aircraft  handling  characteristics. 

The  hot  gas  anti-icing  and  de-icing  systems  often  require  more  extensive 
testing  than  electrical  systems ,  as  the  hot  gas  systems  tend  to  be  unique  for 
each  new  type  of  aircraft.  The  hot  gas  systems  are  more  integrated  with  the 
airframe  than  other  types  of  systems.  Tests  of  anti-icing  systems  will  include 
measurement  of  air  flow  rates,  gas  temperature  (and  duct  temperature  and 
pressure  losses)  as  well  as  spanwtse  and  chordwlse  temperature  distribution. 
Thermal  efficiency  of  the  system  may  also  be  determined.  If  the  system  is  not 
designed  for  complete  evaporation,  the  effects  of  runback  icing  on  aerodynamics 
of  the  surface  or  aircraft  involved  should  be  evaluated. 

Testa  of  hot  gas  de-icing  systems  will  require  similar  tests,  plus  the  mea¬ 
surement  of  surface  and  gas  temperatures  versus  time  to  assess  system  heat¬ 
ing  and  cooling  characteristics.  Icing  tests  will  usually  be  required  to  deter¬ 
mine  the  optimum  combination  of  heat-on  versus  heat-off  times,  to  assess 
possible  cold  spots,  and  to  determine  the  amount  of  runback  ice  formation. 

In  the  case  where  no  icing  protection  is  used  on  an  aircraft  intended  for 
flight  through  icing,  it  wtJi  be  necessary  to  determine  the  effects  of  the  maxi¬ 
mum  likely  amount  of  ice  on  aircraft  performance  in  terms  of  Increased  drag, 
decreased  maximum  lift  coefficient,  increased  stall  speed,  possible  damage  to 
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components  and  engines,  and  general  effects  on  aircraft  handling  qualities. 

Many  military  aircraft  with  relatively  high  power  to  weight  ratios  are  flying  m 
icing  without  airframe  protection.  Where  power  to  weight  ratio  is  low.  how¬ 
ever,  airframe  ice  effects  may  be  intolerable  (see  Sec^’on  4). 

0.3.2  INSTRUMENT ATION  —  Specific  instrumentation  and  data  recording 
methods  used  for  tests  of  ice  protection  systems  will  vary  widely,  depending 
upon  the  type  and  size  of  the  aircraft  and  upon  the  nature  of  intended  operation 
in  icing.  A  general  discussion  of  instrumentation  is  contained  in  this  para¬ 
graph;  however,  the  number  and  specific  types  of  thermocouples,  pressure  taps, 
ammeter,  etc. ,  must  be  selected  for  each  specific  project. 

Evaluation  of  aircraft  flight  performance  in  icing  requires  measurement  of 
air  speed,  altitude,  ambient  temperature,  time,  angle  of  attack,  and  engine 
performance.  Measurement  of  icing  intensity  may  be  required,  as  described 
in  Paragraph  6.4.  Handling  qualities  may  be  determined  by  pilot  evaluation 
plus  any  special  instrumentation  deemed  necessary. 

The  hot  air  thermal  systems  will  require  measurement  of  air  flow  rates  and 
gas  and  skin  temperatures.  Airflow  rates  can  be  measured  by  use  of  calibrated 
duct  sections  having  static  pressure,  total  pressure  and  gas  temperature  pickups. 
Thermocouples  mnv  be  used  for  temperature  measurements.  Typical  thermocouple 
installations  are  shown  in  Figure  6-1,  An  excellent  discussion  of  thermocouple 
installations  is  contained  in  the  SA2  Aero-Space  Applied  Thermodynamics  Manual. 
Section  C,  Part  G  (Ref.  6-8). 

Pressures  may  be  measured  directly  by  gages,  or  maybe  recorded  electrically 
using  pressure  transducers.  Where  transient  effects  are  important  —  as  with  the 
hot  gas  de-icing  system  —  continuous  multi-channel  recorders  may  be  inquired. 

For  electrical  systems,  power  may  be  determined  by  measuring  voltage 
and  current,  or  where  element  resistance  Is  not  variable  with  temperature, 
current  measurement  will  be  sufficient.  Surface  and  internal  temperatures 
can  be  measured  and  recorded  by  the  methods  discussed  previously. 
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Fluid  ice  protection  systems  will  require  measurement  of  fluid  flow  rate 
and  tank  or  pump  pressure.  Flow  rate  can  be  determined  by  time  duration  to 
empty  the  tank,  by  an  orifice  or  venturi  meter,  or  by  any  of  several  other 
methods  such  as  a  rotameter  or  a  commercially  available  turbine  flow  meter. 

In  any  icing  test,  either  wind  tunnel  or  flight,  photographic  coverage  is 
essential  to  document  test  results.  The  presence  of  an  icing  cloud  makes  good 
pictures  particularly  difficult  to  obtain.  One  solution  is  to  photograph  the  ice 
formations  in  clear  air  by  climbing  out  of  the  icing  cloud  (in  the  case  of  flight 
testing),  by  shutting  off  the  spray  cloud  in  icing  tunnels,  or  by  operating  in 
clear  air  when  testing  with  a  tanker.  Time  correlation  of  photographs  with 
other  data  is  essential. 

6.4  METHODS  OF  TESTING 

Four  methods  of  testing  ice  protection  systems  can  be  used  to  determine  effec¬ 
tiveness  and  airworthiness.  These  are  icing  tunnel  tests,  dry  air  flight  tests, 
natural  icing  flight  tests,  and  simulated  icing  flight  tests.  The  method  of  test¬ 
ing  will  vary,  depending  on  the  aircraft  or  components  under  consideration, 
the  design  requirements,  and  the  amount  of  previous  data  available  on  the 
particular  aircraft  or  component.  Perhaps  one  of  the  methods  or  more  com¬ 
monly  a  combination  of  methods  may  be  used  to  demonstrate  effectiveness  and 
airworthiness. 

6.4.1  ICING  TUNNEL  TESTING  —  The  icing  wind  tunnel  has  an  advantage 
in  that  it  permits  direct,  quick  comparisons  of  the  influence  of  various 
design  features  at  a  modest  cost.  On-the-spot  modifications  can  often  be 
made  and  tested  with  minimum  delay.  Wind  tunnel  tests  on  specially 
constructed  test  models  can  be  made  while  an  aircraft  is  in  the  design 
stage,  thus  avoiding  costly  modifications  after  the  aircraft  in  produc¬ 
tion.  Satisfactory  operation  with  minimum  energy  requirements  (bleed 
aJr,  electrical,  fluid  or  other)  is  the  design  objective  of  most  ice  protection 
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to  stems,  and  can  ofien  be  determined  most  accurately  by  icing  tunnel  tests. 

In  the  U.S.  ,  two  icing  tunnels  are  ,n  use  foe  testing  of  aircraft  \ce  protec¬ 
tion  svstems.  The  largest  is  the  six  by  nine-foot  icing  research  tunnel  at  the 
NASA  Lewis  Research  Center,  Cleveland,  Ohio.  The  Lockheed  icirg  research 
wind  tunnel  at  Burbank,  Califo.nia,  has  two  throats:  one  2.  5  by  4-tt.  ,  and  oue 
2.5-ft.  square.  In  Canada,  icing  tunnels  of  4.5  by  4.  5  ft.  and  12  by  12  in  are 
located  at  the  Low  Temperature  Laboratory  of  the  Canadian  National  Research 
Council  in  Ottawa. 

6.  4. 1. 1  NASA  Icing  Tunnel  —  The  maximum  airspeed  in  the  NASA  icing  tun¬ 
nel  under  icing  conditions  with  u  large  test  model  is  ?40  kl.  The  tunnel  was 
designed  to  operate  at  temperatures  to  -40°  F;  however,  operation  is  currently 
limited  to  -10°  F  total  air  temperature.  A  plan  view  of  the  tunnel  is  presented 
in  Figure  6-2.  This  schematic  shows  the  drive  fan,  ventilating  towers,  re¬ 
frigeration  coils,  spray  system,  heat  exchanger  and  test  section.  A  4. 160-hp 
motor  drives  a  fan,  consisting  of  twelve  25-ft.  dia.  wooden  blades.  The  venti¬ 
lating  tower  provides  additional  cooling  load  and  a  location  for  mixing  tunnel 
air  with  outside  air.  The  heat  exchanger  provides  a  capacity  of  5,000,000 
BTU/hr.  ,  for  regulating  tunnel  air  temperature.  The  refrigeration  system  is 
located  in  a  nearby  building  and  has  a  7,700-ton  capacity.  The  spray  system 
is  located  just  upstream  of  the  test  section.  Water  for  the  spray  system  is 
demineralized  at  the  rate  of  500  gal.  per  hour  and  kept  in  a  750  -gal.  storage 
tank.  Filtered,  heated  air  for  the  air  -  water  -  spray  system  is  provided 
at  120  psi  with  a  capacity  of  six  pounds  per  second.  The  test  section  has 
a  turntable  which  can  be  U3ed  to  rotate  test  models  during  testing.  Sidewail 
trunnion  mounts  are  also  available.  Large  models  can  be  lowered  into  the  tun¬ 
nel  through  a  48  by  40-in.  hatch  in  the  roof  of  the  test  section.  Three  heated 
observation  windows  are  located  on  each  side  of  the  tunnel  and  some  obser\a- 
tions  can  be  made  through  the  glass  port  on  the  roof,  although  this  is  used 
primarily  for  supplying  light  for  photography. 
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Heated  air  for  model  Ice  protection  systems  is  supplied  by  three  heat  ex¬ 
changers,  each  with  a  1,000  pound  per  hour  capacity  with  pressure  regulation 

up  to  120  psi. 

AC  and  dc  electrical  power  for  icing  protection  is  available,  the  dc  systems 
are  28  volts/100  amp.  and  12  vo its/50  amp. ;  the  ac  systems  are  29  volts  50 
amp. ,  110  volts/single  phase,  and  208  volts/three-phase/50  amp. 

Installation  of  a  typical  airfoil  model  is  shown  in  Figure  6-3. 

Current  policy  on  operation  of  the  tunnel  is  that  the  test  facility  is  available 
for  industry  use,  provided  that  a  government  agency  will  sponsor  and  recom¬ 
mend  that  the  test  be  performed,  and  that  no  other  commercial  facility  is  ade¬ 
quate  for  the  required  tests.  Users  must  provide  their  own  lest  models, 
engineers  and  mechanics;  a  tunnel  operator  is  provided  by  NASA  to  operate  the 
tunnel  and  spray  system.  Prospective  users  should  contact: 

Director 

NASA  Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland,  Ohio 
Attn:  Mr.  Joseph  O'  Herien 

6.4. 1.2  Lockheed  Icing  Tunnel  —  The  Lockheed  icing  tunnel  airspeed  range 
under  icing  conditions  is  about  50  to  185  kt.  in  the  main  throat  (2.  5  by  4-ft. ) 
and  about  50  to  210  kt.  in  the  alternate  (2.  5  by  2.  5  ft. )  throat.  Lower  speeds 
are  possible  in  the  alternate  throat  but  experience  is  limited. 

The  70-ton  refrigeration  system  can  provide  minimum  total  tunn  J  air 
temperature  of  -5°  F  over  the  above  velocity  ranges.  Figure  6-4  presents  a 
schematic  of  the  Lockheed  icing  research  tunnel  with  the  main  throat.  The 
alternative  throat  is  shown  in  Figure  6-5  as  it  would  be  installed  wi*hin  the 
main  throat. 

The  200-hp  motor  drives  the  seven-foot,  variable  pitch,  four-blade  fan. 

The  refrigeration  coils  are  about  15  ft.  upstream  of  the  spray  system  and  about 
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35  ft.  upstream  of  the  test  section.  The  spray  system  provides  water  droplets 

from  7  to  35  microns  (volume  median  droplet  diameter)  at  liquid  water  cor- 

3 

tents  from  0.7  to  4.0  gm/m  as  shown  in  Figure  6-6. 

An  example  of  tests  conducted  by  the  Lockheed  company  is  shown  in  Figure 

6-7. 

The  tunnel  is  available  for  rental  to  industry.  Charge  is  made  for  man¬ 
power  services  only  (no  charge  for  occupancy  and  running  time).  For  further 
data  and  operating  costs,  contact: 

Lockheed  -  California  Company 
Box  551 

Burbank,  California 

Attn:  Mr.  G.  Sim,  Dept.  Mgr. ,  Wind  Tunnels 
Bldg.  201,  Plant  2,  Rye  Canyon 

6.4. 1.  3  NRC  Icing  Tunnel,  Ottawa.  Canada  —  The  National  Research  Council 
of  Canada  operates  a  4.  5-foct  square  icing  tunnel  as  part  of  the  Low  Tempera¬ 
ture  Laboratory.  The  general  arrangement  of  the  closed  circuit  tunnel  is 
shown  in  Figure  6-8.  The  working  section  is  4.  5  ft.  square  and  11  ft.  long. 

The  maximum  velocity  in  the  working  section  is  200  roph.  The  tunnel  is  driven 
by  a  fan  with  eight  wooden  biades  operated  by  a  1 , 000-hp  synchronous  motor 
which  permits  variable  speed  operation  over  the  range  oi  100  to  1,200  rpm. 
Alrstream  cooling  is  accomplished  by  passing  the  air  over  banks  of  liquid 
ammonia-refrigerated  pipes.  Throttling  the  liquid  ammonia  regulates  the  air- 
stream  temperature.  Capacity  of  the  system  is  sufficient  to  permit  continuous 
operation  at  full  speed  at  an  air  temperature  of  -25°  C  (  -  iJ°  K).  Lower  air 
temperatures  can  be  obtained  for  short  intervals  of  15  to  30  minutes  at  full 
speed  or  for  longer  periods  at  reduced  speeds. 

The  cloud  water  droplets  are  produced  by  an  array  of  air-atomizing  water 
spray  nozzles  located  at  the  upstream  end  of  the  contraction  loading  to  the 
working  section.  Control  of  the  drop  size  is  obtained  by  varying  the  air  pres¬ 
sure  and  water  flow  to  the  nozzle  in  accordance  *ith  cn’ibration  data.  Water 
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content  up  to  3  gtn/m  and  median  droplet  diameters  down  to  15  microns  can 
be  obtained  at  the  maximum  tunnel  velocity. 

To  provide  a  higher  speed  stream  for  basic  research  and  for  testing  small 
components  such  as  guide  vanes  and  icing  detectors,  an  auxiliary  tunnel  has 
been  built  alongside  the  main  tunnel  to  take  air  from  the  downstream  side  of 
the  refrigeration  coils  and  return  it  to  the  upstream  side.  The  position  of  the 
auxiliary  tunnel  is  shown  in  Figure  6-8.  The  tunnel  is  constructed  of  plywood 
and  Is  built  in  sections  that  can  be  removed  and  replaced  with  others  of  dif¬ 
ferent  shapes.  In  this  way,  various  component  configure  ions  may  be  studied. 
The  current  configuration  gives  a  working  section  of  4f»  sq.  in.  and  a  velocity 
of  500  mph.  The  tunnel  is  driven  by  a  50-hp  centrifugal  blower  on  the  upstream 
side  of  the  spray  nozzles.  The  blower  operates  at  a  constant  speed.  Air 
velocities  in  the  tunnel  are  controlled  by  variable  shutters  on  the  blower  intake . 
The  air  stream  temperature  is  controlled  by  regulation  of  the  same  liquid 
ammonia  refrigeration  tubes  of  the  main  tunnel. 

The  National  Research  Council  also  has  a  simulated  variable  density,  high¬ 
speed  icing  tunnel  as  shown  in  Figure  6-9.  This  tunnel  is  capable  of  airspeeds 
up  to  Mach  0.  9  and  altitudes  up  to  30,000  ft.  Air  temperatures  down  to  -40°  C 
automatically  controlled  to  ±0. 5°  C  are  obtained  by  circulating  cold  trichloro¬ 
ethylene  in  a  finned-tube  heat  exchanger  located  in  the  vertical  leg  of  the  tun¬ 
nel  before  the  contraction.  The  trichloroethylene  is  cooled  in  a  heat  exchanger 
system  employing  the  Low  Temperature  Laboratory' s  ammonia  refrigeration 
system.  The  tunnel  is  powered  by  a  750-hp  dc  motor  driving  a  two-stage  axial 
fan  through  a  3:1  speed  Increaser.  This  tunnel,  wh  h  has  a  test  section  12  in. 
Kv  12  in.  ,  is  intended  primarily  for  basic  research  into  high-speed  icing  prob¬ 
lems  and  for  the  test  and  development  of  small  components  such  as  ice  detec  ¬ 
tors  and  measuring  instruments. 

The  NRC  tunnels  normally  are  used  only  for  government -sponsored  re¬ 
search.  or  for  tests  of  systems  that  would  fulfill  research  objectives  of  the 
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National  Research  Council.  For  further  information,  contact: 


The  National  Research  Council  of  Canada 
Division  of  Mechanical  Engineering 
Low  Temperature  Laboratory 
Ottawa,  Canada 
Attn:  Mr.  J.  J.  Samolewiez 

6.4. 2  DRY  AIR  FLIGHT  TESTS  -  Flight  tests  of  a  new  aircraft  and/or  ice 
protection  system  are  normally  made  in  clear  air  before  the  aircraft  is  com¬ 
mitted  to  actual  flight  in  icing  conditions.  These  tests  check  the  function  and 
performance  of  the  systems  to  ensure  that  the  requirements  established  in  the 
initial  design  have  been  met.  The  evaluation  should  include  the  full  range  of 
power  and  speed  to  determine  limiting  conditions  where  systems  may  not  fur¬ 
nish  adequate  protection.  The  operation  of  tne  system  nan  be  compared  with 
either  results  of  dry-air  icing  tunnel  tests  or  with  analytical  values  established 
during  design  (with  appropriate  consideration  of  the  "dry  air"  condition) . 

Dry  air  flight  testing  of  the  mechanical  pneumatic  boot  would  determine 
the  installation  effects,  if  any,  upon  aircraft  drag  performance.  These  effects 
are  a  function  of  previous  conditions  of  the  airframe  and  the  type  of  boot  instal¬ 
lation,  and  thus  are  difficult  to  predict  (see  Sectior  3).  During  these  tests  the 
functioning  of  the  system  may  also  be  demonstrated,  as  well  as  any  effects 
upon  lift  and  drag  of  inflating  the  boots.  General  handling  characteristics  should 
be  checked  with  the  boots  deflated  and  inflated. 

The  fluid  coverage  and  fluid  flow  rate  tests  of  the  fluid  freezing  point  de¬ 
pressant  system  may  be  conducted  in  dry  air.  Items  to  be  observed  during 
the  tests  are  fluid  consumption  rate,  proper  fluid  distribution  and  adequate 
coverage  of  the  surface  to  be  protected.  Dyed  fluid  and/or  chalk  rubbed  on  the 
surfaces  may  be  used  to  aid  in  observation  of  fluid  distribution. 

Dry  air  flight  testing  of  the  electro-thermal  ice  protection  system  would 
establish  whether  the  system  function  and  performance  are  in  accordance  with 
design  requirements.  Power  delivered  to  the  various  circuits  should  be 
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measured.  Surface  temperatures  should  be  measured  at  critical  areas  and 
compared  with  either  dry  air  wind  tunnel  test  data  or  analytical  predictions. 
General  function  of  the  system,  including  controls  and  overheat  protection, 
should  be  determined. 

Dry  air  flight  testing  of  the  hot  gas  anti-icing  and  de -icing  system  serves 
the  same  purpose  as  in  the  electro -thermal  system.  Of  concern  in  the  hot  gas 
system  is  the  availability  of  hot  gas  (from  either  bleed  air  or  an  exhaust  gas 
heat  exchanger)  during  periods  of  reduced  power;  e.g. ,  during  descent  or 
hold.  A  combustion  heater  should  provide  a  constant  quantity  of  hot  gas  inde¬ 
pendent  of  flight  conditions.  During  the  dry  air  flight  testing,  further  refine¬ 
ment  ot  the  flow  distribution  may  be  made,  if  necessary.  Detailed  measure¬ 
ments  of  bleed  flow  are  normally  made  for  the  complete  range  of  flight  conditions 
in  order  to  assure  that  engine  bleed  limits  have  not  been  violated  and  to  estab¬ 
lish  effects  on  aircraft  performance. 

6.4.3  NAT  URAL  ICING  FLIGHT  TESTS  -  Aircraft  intended  for  use  in  com¬ 
mercial  transport  are  usually  flight  tested  in  natural  icing  before  receiving 
certification.  The  extent  of  testing  needed  will  depend  on  the  amount  of  prior 
analysis,  testing  and  flight  experience  with  the  particular  aircraft  and  its  ice 
protection  systems.  Because  of  the  high  cost  of  conducting  natural  icing  tests 
and  the  fact  that  the  design  icing  conditions  are  difficult  --  if  not  impossible  — 
to  find,  the  usual  procedure  is  to  find  icing  conditions  of  whatever  severity 
available  and  to  use  previous  analytical  and  test  data  to  extrapolate  the  natural 
icing  test  data  to  the  design  extremes. 

Current  operating  costs  for  jet  aircraft  are  $5,000  to  $10  000  per  hour, 
and  a  typical  icing  search  will  involve  30  to  60  hours  of  flight  to  obtain  one  to 
two  hours  of  actual  icing  experience,  resulting  in  costs  of  perhaps  $150,000  to 

$600,000. 

The  flight  test  aircraft  must  have  instrumentation  to  determine  liquid  water 
content  and  droplet  size,  or  a  means  of  determining  ice  accretion  rate  and 
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extent  of  impingement  from  which  these  parameters  can  be  established.  Rotat¬ 
ing  multi-cylinders  are  the  standard  instruments,  but  are  inconvenient  to  use 
on  pressurized  aircraft.  The  NACA  icing  rate  meter  or  any  calibrated  ice 
detector  can  be  used  to  determine  liquid  water  content;  whereas  drop  size  can 
be  approximated  from  extent  of  impingement  on  »ny  shape  with  known  impinge¬ 
ment  characteristics. 

The  fligiii  tests  in  natural  icing  fall  into  two  categories:  functional  and 
performance  tests  of  the  ice  protection  systems,  and  tests  of  aircraft  and  en¬ 
gine  operating  characteristics  for  the  full  range  of  power  and  flight  conditions 
to  determine  system  adequacy  or  limitations.  At  least  minimum  instrumenta¬ 
tion  is  needed  f  measure  performance  of  the  ice  protection  systems.  Thermo¬ 
couples  on  critical  surfaces  are  usually  needed  for  thermal  anti-icing  and  de¬ 
icing  systems.  A  means  of  observing  and  photographing  ice  accretion  is  also 
needed. 

After  icing  has  been  encountered,  operation  of  the  aircraft  and  ice  protec¬ 
tion  systems  should  be  observed  long  enough  to  obtain  data  and  to  observe  any 
deficiencies  in  systems  operation  or  loss  in  aircraft  performance  and  handling 
characteristics.  Following  this,  ice  should  be  allowed  to  form  on  any  critical 
surfaces  (such  as  wings,  empennage,  and  engine  inlets)  where  ice  would  form 
as  a  result  of  either  a  single  system  failure  or  the  pilot' s  failure  to  recognize 
icing  immediately.  Typical  intervals  might  be  two  or  thre4;  minutes  in  icing 
with  the  engine  and  engine  inlet  systems  off,  and  15  to  30  minutes  with  wing  or 
tail  ice  protection  off  (if  a  single  failure  would  cause  the  system  to  be  inopera¬ 
tive).  After  the  effects  of  ice  have  been  noted,  the  systems  can  be  turned  on 
again  to  determine  their  recovery  characteristics. 

Final  evaluation  of  natural  icing  test  results  is  dependent  on  a  detailed  com¬ 
parison  of  extrapolated  test  results  with  original  design  requirements. 

6.4.4  NATURAL  ICING  SIMULATION  IN  FLIGHT  -  Because  of  the  difficulty 
in  finding  suitable  natural  icing  conditions  for  development  testing  and  the 
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limited  size  of  the  icing  wind  tunnels,  test  methods  have  been  developed  to 
create  artificial  icing  conditions  for  testing  large  components  and  complete  ice 
protection  systems  inflight.  These  methods  have  L  sen  quite  useful  although 
there  are  certain  inherent  limitations,  as  described  below. 

One  method  that  has  been  used  extensively  for  tests  of  airfoil  ice  protec¬ 
tion  is  to  equip  an  aircraft  as  a  flying  laboratory.  The  test  airfoil  is  mounted 
vertically  on  the  upper  surface  of  the  fuselage  behind  a  water  spray  rig  in  a 
setup  similar  to  icing  tunnel  techniques.  The  aircraft  in  then  flown  at  an 
altitude  where  the  desired  Icing  temperatures  exist  and  water  is  sprayed  from 
the  nozzles  over  the  test  section.  Figure  8-10  illustrates  this  technique. 

A  similar  system  has  been  used  to  test  propeller  and  jet  engine  icing  pro¬ 
tection.  A  spray  rig  is  mounted  ahead  of  the  test  engine  or  propeller,  and 
water  (carried  internally  in  the  aircraft)  is  sprayed  to  form  an  icing  cloud.  A 
propeller  icing  test  is  shown  in  Figure  6-11. 

These  methods  have  the  advantage  of  allowing  control  over  the  icing  condi¬ 
tions  and,  in  addition,  do  not  involve  the  hazard  of  subjecting  the  entire  air 
craft  to  icing.  The  disadvantage  is  the  cost  and  complexity  of  mounting  a  spray 
rig  and  test  instrumentation  on  an  aircraft,  as  well  as  the  high  costs  associated 
with  flight  testing.  In  addition  there  is  difficulty  in  measuring  the  icing  conditions. 

T he  two  methods  just  described  are  adequate  for  testing  components  only, 
but  not  the  complete  aircraft.  The  third  method  uses  a  tanker  aircraft  with  a 
spray  nozzle  boom  extending  downward  and  aft  (see  Figure  6-12).  The  spray 
nozzles  create  an  artificial  cloud  into  which  an  aircraft  is  flown  to  expose 
various  parte  of  the  aircraft  to  icing.  The  cloud  may  not  be  large  enough  to 
envelope  the  complete  aircraft.  Several  spray  nozzle  rigs  are  being  used 
currently  to  simulate  different  icing  conditions.  A  T-bar"  water  nozzle 
(Figure  6-13)  is  used  for  low-altitude  heavy  rain  and  high-altitude  ice  crystal 
tests  where  there  is  no  ice  accumulation,  although  a  very  high  liquid  water 
content  (LWC)  is  required.  The  T-bar  is  also  used  lor  icing  tests  where  either 
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accumulation  of  ice  or  rate  of  accumulation  is  an  important  test  requirement. 
The  plugs  at  the  ends  of  the  T-bar  can  be  exchanged  to  decrease  or  increase 
the  I.WC  of  the  spray.  No  attempt  to  control  water  droplet  size  has  been  made 
with  the  T-bar. 

A  40-in.  diameter  spray  ring  (Figure  6-14)  consists  of  two  concentric  rings 
containing  66  spray  nozzles.  This  arrangement  is  normally  used  for  icing  tests 
at  ambient  temperatures  of  from  0®  to  -25°  C.  Fuel  injection  nozzles  are  used 
to  break  up  the  water  into  small  droplets.  The  water  droplet  size  from  the  40- 
in.  diameter  spray  rake  has  been  examined  by  collection  on  oil  slides.  The 
mean  effective  droplet  diameter  is  in  the  order  of  80  to  100  micronr  .nd  is 
nearly  constant  from  500  to  1,500  ft.  from  the  rake.  As  the  c  o  from  the 
rake  disperses  and  increases  in  size,  the  LWC  per  unit  arp  will  decrease. 
Figure  6-15  shows  the  cloud  dispersion  rate  as  a  function  of  distance  behind 
the  tanker. 

To  obtain  specific  icing  conditions  on  an  aircraft  or  aircraft  component, 
the  distance  behind  the  tanker  must  be  maintained  at  a  reasonably  constant  value. 
The  tanker  observer  usually  controls  this  condition  using  some  ranging  device. 
The  test  aircraft  is  flown  parallel  to  the  cloud  until  it  reaches  the  right  range. 
Upon  receiving  a  signal  from  the  tanker,  the  aircraft  or  component  is  then 
flown  into  the  iciiig  cloud  for  a  predetermined  time.  The  time  between  takeoff 
of  the  tanker  and  test  should  be  kept  at  a  minimum  to  prevent  the  water  from 
freezing  in  the  nozzles. 

At  present,  complete  reliance  on  use  of  the  tanker  to  qualify  aircraft  for 
flight  in  icing  is  a  question;  ble  and  controversial  subject.  The  excessive  drop 
sizes  may  show  many  ice  protection  systems  to  be  inadequate,  whereas  in 
natural  icing  the  systems  would  be  adequate.  At  the  same  time,  tests  involving 
ice  accretion  on  unprotected  components  have  not  to  date  been  capable  of  pro¬ 
ducing  the  double-peaked  glaze  ice  shape  that  is  so  damaging  to  the  aerodynamic 
characteristics  of  an  aircraft.  Further  work  is  in  progress  at  increasing  cloud 
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size  and  Improving  the  droplet  size  to  more  nearly  conform  to  natural  icing. 
Although  the  present  simulation  is  not  ideal,  the  tanker  can  be  a  useful  tool  in 
evaluating  aircraft  and  ice  protection  systems  in  icing,  If  proper  allowance  is 
made  for  the  excessive  drop  sizo  and  for  the  type  of  ice  shape  produced  on 
unprotected  surfaces. 

An  example  of  ligh*  plane  simulated  icing  is  shown  in  Figures  6-16  and  6-17. 

6. 4.  5  TESTING  UNPROTECTED  AIRCRATT  —  There  may  be  occasions  when 
it  is  desirable  to  test  an  airframe  for  performance  with  ice  accretions  on  all 
or  part  of  the  areas  normally  ice- protected.  This  testing  may  be  for  certifica¬ 
tion  of  an  aircrew  with  large  pov  er  reserves  for  operation  in  icing  with  no  ice 
protection,  or  to  determine  whether  ice  protection  may  be  removed  from  a 
component. 

The  criterion  for  determining  whether  ice  protection  is  necessary  is  air¬ 
craft  performance  with  ice  accretion.  Performance  factors  considered  in  this 
respect  are  flutter,  stall,  general  handling  characteristics,  effect  upon  approach 
and  climb,  and  effect  upon  range. 

One  method  of  conducting  such  tests  is  to  seek  natural  icing  and  perform 
all  necessary  maneuvers  and  speed  changes  to  determine  aircraft  performance. 
This  technique  Involves  several  difficulties:  the  first  lies  in  finding  natural 
icing  conditions  of  the  severity  desired  for  the  tests;  the  second  is  the  problem 
of  retaining  the  ice  intact  while  executing  the  necessary  maneuver^.  Should 
some  of  the  ice  shed  it  may  be  necessary  to  re-enter  the  icing  conditions  and 
re-accrete  the  required  icing. 

An  alternative  method  of  icing  test  may  be  conducted  at  any  time  of  year 
and  practically  anywhere;  thie.  involves  simulating  the  icing  cn  the  aree  in 
question  by  artificial  means.  The  weight  and  shape  of  the  anticipated  ice  accre¬ 
tion  can  be  formed  from  some  material  (e.g.  .  wood)  and  attached  to  the  air¬ 
craft  surface.  Flights  may  then  be  made  to  determine  aircraft  performance 
with  the  ice  accretions. 
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The  crlf  jria  for  the  artificial  ice  shapes  will  depend  upon  the  aircraft  type 
and  mission.  For  light  aircraft,  the  flight  conditions  might  be  cruise  and/or 
hold.  For  turbojet  transports,  the  criterion  is  for  45  minutes  hold  —  15  minutes 
departure  hold  and  30  minutes  bold  at  destination.  Examples  of  the  ice  shapes 
and  the  calculations  used  to  derive  them  are  presented  in  Paragraphs  4. 1. 3  and 
4.2.11. 

6.4.6  HE LICOPTER  TESTING 

Several  test  facilities  have  been  used  to  test  helicopters  in  icing  conditions  and 
to  tost  helicopter  ice  protection  systems.  Two  of  these  facilities  have  discon¬ 
tinued  these  tests.  One  was  the  Eglln  AFB  climatic  hangar  where  tests  were 
conducted  by  tethering  a  helicopter  under  a  water  spray  rig  within  a  hangar. 

This  test  setup  had  the  advantage  of  being  independent  of  weather  for  ambient 
temperatures,  but  the  icing  conditions  could  not  be  controlled  or  determined 
because  of  recirculation  and  ice  crystal  formation.  Too,  the  tests  simulated 
only  the  hover  mode  of  flight. 

The  othe”  iacllity  vas  located  atop  Mount  Washington  in  New  Hampshire. 
There,  the  helicopter  was  tethered  and  operated  in  natural  icing  conditions. 

The  wind  velocity  assisted  in  simulating  forward  flight,  but  the  temperatures 
and  liquid  water  content  were  dependent  upon  natural  conditions. 

A  facility  currently  in  use  is  the  helicopter  spray  rig  at  the  National 
Research  Council  Low  Temperature  Laboratory  at  Ottawa,  Canada.  An  arti¬ 
ficial  cloud  is  created  by  the  spray  rig  shown  in  Figure  6-18;  the  temperature 
is  dependent  upon  natural  conditions.  This  facility  is  operated  in  wind  veloci¬ 
ties  from  approximately  5  to  30  mph.  The  5-mph  minimum  velocity  stems 
from  the  air  movement  necessary  to  move  the  artificial  cloud  out  over  the 
helicopter;  the  maximum  velocity,  30  mph,  is  the  structural  limitation  of  the 
spraj  rig. 

Certain  wind  directions  restrict  use  of  the  rig  because  surrounding  struc¬ 
tures  prohibit  maneuvering  larger  helicopters.  Snow  and  blowing  snow  also 
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restrict  use  of  the  rig  by  obscuring  visibility.  The  spray  rig  can  supply  cloud 

3 

conditions  with  liquid  water  contents  up  to  0.  9  gm  m  and  droplet  size  of  30  to 
60  microns  (median  volume  diameter).  Light  freezing  rain  can  also  be  simu¬ 
lated  under  suitable  ambient  conditions.  The  facility  can  create  a  cloud  size 
suitable  for  testing  rotors  up  to  approximately  55  ft.  in  diameter.  A  helicopter 
undergoing  tests  in  the  spray  rig  is  shown  in  Figure  6-19.  A  tanker  aircraft, 
using  boundary  layer  control  for  slow  flight,  is  being  developed  for  helicopter 
testing  by  WADC.  This  airplane  will  permit  helicopter  .ests  in  flight  regimes 
previously  possible  only  in  natural  icing.  In  this  manner,  components  as  well 
as  blades  may  be  exposed  to  severe  icing  conditions  under  controlled  conditions. 
It  is  expected  tha*  this  facility  will  be  available  sometime  in  1964, 

Much  of  the  testing  of  a  helicopter  ice  protection  3ystem  may  be  accom¬ 
plished  in  a  whirling  arm  rig.  This  type  of  facility  is  well  suited  to  testing  a 
fluid  system*  s  distribution  characteristics,  because  all  forces  acting  upon  the 
fluid  may  be  simulated.  However,  icing  simulation  on  a  whirling  arm  rig  is 
not  too  feasible  because  of  the  same  difficulties  experienced  at  Eglin  —  air 
recirculation  within  the  closed  chamber.  Eiectro  thermal  systems  may  be 
tested  in  dry  air  to  measure  the  heat  transfer  characteristics.  The  erosion 
characteristics  of  ice  protection  system  materials  may  also  be  determined  in 
the  whirling  arm  rig. 
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Figure  6-1.  Thermocouple  installations. 
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Figure  6-2.  NASA  Icing  Tunnel  Circuit 


Figure  6-  3.  Typical  Test  Setup  in  NASA  Icing  Tunnel 
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Figure  6-4.  Lockheed  Icing  Research  TunneJ  Circuit 


Figure  6-5.  Lockheed  Icing  Tunnel  Tcsi  Section 
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Liquid  Water  Content  -  gm/m 


Figure  6-6.  Normal  Range  of  Cloud  Conditions  in  Lockheed  Icing  Tunnel 
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Zero  Time  ice  Cap 


46  Sec  After  De-Icing  Start 
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Figure  6-13.  Tanker  Spray  T-Bar  Water  Noirle 
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Figure  6-15 


Figure  6-18.  NRC  Helicopter  Spray  Rig  Framework 


Figure  6-19.  Helicopter  Undergoing  Tes-  at  NRC  Test  Site 
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GLOSSARY 


Adiabatic  lifting  theory  —  Method  of  calculating  liquid  water  content  by  the 
adiabatic  cooling  process  (and  associated  condensation  of  water  droplets)  as 
a  mass  of  air  rises. 

Angle  of  attack  —  Angle  between  airfoil  chord  and  line  cf  flight. 

Anti-icing  —  The  prevention  of  ice  formation  on  airframe  surfaces. 

CAR-3  —  Civil  Air  Regulations,  Part  3  (aircraft  under  12,500  lb.). 

CAR -4b  —  Civil  Air  Regulations,  Part  4b  (aircraft  over  12,500  lb.). 

Collection  efficiency  —  The  ratio  of  actual  water  collection  rate  to  the  water 
catch  rate  when  water  droplet  paths  are  straight  lines. 

Continuous  maximum  icing  —  Icing  category  from  CAR -4b,  commonly  used  for 
design  of  wing,  empennage,  and  windshield  ice  protection  on  transport 
aircraft. 

Cumulus  clouds  —  Massy,  piled-up  clouds  with  a  flat  base. 

Cycled  area  —  In  a  thermal  de-icing  system,  a  section  of  the  protected  area 
which  is  heated  periodically  to  remove  ice. 

Datum  temperature  —  Wet  air  boundary  layer  temperature  for  a  body  traversing 
a  cloud  containing  free  moisture. 

De-icing  —  The  removal  of  ice  that  has  formed  on  airframe  surfaces. 

Droplet  range  ratio  —  The  ratio  of  the  true  range  of  a  droplet  as  a  projectile 
injected  into  still  air  to  the  range  of  a  droplet  as  a  projectile  following 
Stokes'  law. 

Droplc*  Reynolds  number  —  The  Reynolds  number  of  a  droplet  in  the  air  stream, 
usually  based  cn  droplet  diameter  and  free  stream  velocity. 
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Droplet -trajectory  —  The  path  of  a  water  droplet  with  respect  to  an  airfoil. 

Equilibrium  surface  temperature  —  Temperature  of  a  surface  exposed  to 
water  droplet  impingement. 

Exceedance  probability  —  The  probability  that  a  given  parameter  will  be 
equalled  or  exceeded. 

Freezing  fraction  —  That  part  of  the  water  catch  that  freezes. 

Freezing  rain  —  Rain  at  temperature  slightly  below  freezing  and  characterized 
by  relatively  large  water  droplets  that  may  freeze  in  contact  with  airframe 
surfaces. 

Glaze  ice  —  Clear  ice  with  rapid  growth  rate  and  characteristic  "double  horn" 
or  "mushroom”  formation.  (This  term  is  also  used  by  pilots  to  describe  a 
smooth  film  of  ice  covering  leading  edges  at  temperatures  just  b^low 
freezing. ) 

Heat  release  —  In  thermal  ice  protection  systems,  the  amount  of  heat  trans¬ 
ferred  to  the  surface  to  be  used  for  anti-icing  or  de-icing. 

Hold  conditions  —  Low-speed,  high- angle -of -attack  flight  conditions  at  a 
constant  altitude  (circling  one  geographical  point). 

Ice  accretion  —  A  growth  or  buildup  of  ice,  an  ice  formation. 

Ice  cap  -  An  ice  accretion. 

IFR  —  Instrument  flight  rules. 

Impingement  limits  —  Distance  from  stagnation  to  the  end  of  the  water 
impingement  region  on  both  upper  and  lower  surfaces  of  an  airfoil. 

Inertia  parameter  —  Dimensionless  parameter  used  to  correlate  watt  r  droplet 
impingement  data. 

Inlet  guide  vanes  —  Vanes  that  guide  the  inlet  airflow  in  a  turbine  engine, 
located  at  the  front  face  of  the  compressor. 

Intermittent  maximum  icing  -  Icing  category  from  CAR -4b  based  on  cumuliform 
clouds  having  high  liquid  water  content  for  short  times. 

Knife  edge  Ice  —  Ice  formed  at  low  temperatures  by  ^ater  droplets  free/ mg 
on  impact  in  the  shape  of  a  wedge,  also  called  rime  ice. 
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Liquid  water  content  —  Water  contained  as  free  moisture  in  a  volume  of  air 
(does  not  include  water  in  vapor  form). 

Local  collection  rate  —  Weight  of  impinging  water  per  unit  time  and  per  unit 
ar«  :  at  a  given  location. 

Loiter  —  Low-speed,  high-angle-of-attack  flight  conditions. 

Mean  effective  droplet  diameter  —  Half  the  volume  of  water  in  a  given  sample 
of  air  is  contained  in  larger  drops,  half  in  smaller  drops. 

Micron  —  One  millionth  of  a  meter. 

Most  probable  icing  temperature  —  Temperature  at  which  icing  is  most  likely 
to  occur,  based  on  probability. 

Mushroom  ice  —  Clear  ice  with  rapid  growth  rate  and  characteristic  "double 
horn"  formation,  also  known  as  "glaze  ice. " 

Parting  strips  —  In  a  cyclic-electrical  de-icing  system,  continuously  heated 
areas  about  1  in.  wide  (either  spanwioe  or  chordwise)  which  divide  the  ice 
into  discrete  portions. 

Piccolo  tube  —  Tube  with  small,  regularly  spaced  holes  for  distribution  of 
anti-icing  air  to  leading  edges. 

Power  density  -  Electrical  power  per  unit  area. 

Prandti  number  —  Dimensionless  group  of  gas  property  values  used  in  heat- 
transfer  correlations. 

Projected  height  —  The  airfoil  height  projected  along  the  line  of  flight. 

Rime  ice  —  Milky  white,  low-density  ice  formed  at  low  temperatures  with  a 
relatively  streamlined  shape;  also  referred  to  as  spearhead  and  knife-edge 
ice. 

Rotating  multi-cylinders  —  Series  of  rotating  cylinders  of  varying  size  used  to 
collect  ice  for  the  purpose  of  determining  cloud  liquid  water  content  and 
droplet  size. 

Runback  ice  —  Ice  accumulated  aft  of  the  protected  region,  resulting  from  the 
water  running  back  ard  freezing  (may  be  found  with  partially  evaporative 
anti-icing  systems  and  with  de-icing  systems). 
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Running  wet  —  A  condition  at  which  an  airframe  surface  is  maintained  aU/ve 
82*  F  (by  an  anti-icing  system)  so  that  impinging  water  droplets  will  not 

freeze. 

Spearhead  ice  —  Term  used  to  describe  both  rime  and  intermediate  rime-glaze 
types  of  ice  formations. 

Stagnation  —  The  point  on  an  airfoil  at  which  velocity  is  zero. 

Stratus  clouds  —  Layer-type  clouds,  usually  at  low  altitudes. 

Super-cooled  water  droplets  —  Very  small  water  crops  suspended  in  the  air  at 
temperatures  below  freezing 

Surface  wetness  fraction  —  The  fraction  of  the  surface  that  is  wetted;  equal  to 
1.0  in  the  impingement  region  and  about  0.  25  aft  of  the  impingement  area 

Total  air  temperature  —  Static  air  temperature  plus  kinetic  temperature  rise. 

Volume  median  droplet  diameter  —  Droplet  diameter  defined  by  the  condition 
that  half  the  volume  of  water  in  a  given  sample  of  air  is  contained  in  large 
drops,  half  In  small  drops. 

Water  catch  —  The  weight  of  water  impinging  on  an  airframe  surface  (per  unit 
length  of  span  and  per  unit  time  for  an  airfoil). 
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